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CHAPTER I. INTRODUCTION 
Soft x-ray appearance potential spectroscopy (SXAPS) has become 
fashionable during the past five years because it is one of the sim­
plest core-level spectroscopies available. Using SXAPS, one obtains 
information about the binding energy of atomic-like core levels in a 
solid or, from another point of view, the core-level spectra can be 
used to identify contaminants on a solid surface. By studying the 
SXAPS line shape, for a given core excitation, one also obtains infor­
mation about the empty density of states above the Fermi level. E_.. 
of a solid. However, at the present time, the electronic processes 
characteristic to SXAPS are not sufficiently understood to interpret 
the spectra reliably. 
We initially chose SXAPS as a means of studying evaporated La 
filns with the hope of locating the position of the 4f states above 
5„. The résulte we obtained vere unexpected in li^ht of our under-
V ^ -
standing of SXAPS at that time. The present study was a consequence 
of those early la results and had a two-fold purpose. First, we chose 
to study several materials which could shed light on the nature of 
the electronic transitions involved in SXAPS. We also collected re­
sults from other core-level spectroscopies, such as soft x-iay absorp­
tion (SXA), Auger electron spectroscopy (AES), and x-ray photoemission 
spectroscopy (XIS), and began a systematic study of these results 
to correlate observed structures in these methods with SXAPS data. 
As a result; we found that our data were quite closely related to the 
2 
absorption coefficient measured by SXA. With this knowledge we were 
able to extract additional information from our results and thus answer 
some of our original questions about La and the other materials studied. 
A second goal of this work was to see if SXAPS could be applied 
sucessfully to insulators, since most of the earlier studies had been 
for metals only. We chose the insulating compounds MnF2» KCl, CsCl, 
and because each had special spectral characteristics to which 
the sensitivity of SXAPS was unknown. For ex. .pie, we wondered how 
excitons and the band gap would manifest themselves in SXAPS, and to 
what extent charging would be a problem. 
In Chapter II we discuss the electronic processes involved in SXAPS. 
The one-electron theory often used for SXAîS is developed and the rela­
tionship between several different core-level spectroscopies is discussed. 
In Chapter III we discuss the experimental apparatus used for these 
studies, and the related problems of sample preparation, experimental 
broadening, and energy calibration. Chapter IV contains the results 
of this study for several transition metals, rare earth wstals, and 
insulators. Additional theoretical arguments are developed there to 
explain our results. 
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CHAPTER II. THEORY 
Soft x-iay appearance potential spectroscopy !ms been developed as 
a means of studying the electronic configuration and composition of 
solid surfaces. Briefly, one measures the derivative of the total x-ray 
fluorescence yield of a sample, induced by electron bombardment of the 
surface. The theory most often cited in the literature to describe 
SXAPS line shapes was originally suggested by Dev and Brinkman (1) and 
further developed by Houston and Rirk (2), The one-electron theory 
seemed to work quite well for % transition metals (3) and some of the 
simple metals (4,5). As the technique became more popular, and the types 
of materials studied increased, discrepancies began to appear and it 
soon became evident that a better theory was needed. Failures of this 
theory were observed for the rare earths (6-11), light elements (12,13), 
and the transition metals (14,15). A recent review article (16) gives 
a thorough develmnmRnt of T.'ne ùuê-electrûn theory and an extensive sumsarj' 
of its successes and failures. The following discussion draws from this 
article as well as the reviews by Tracy (15) and Nagel (17). 
In soft x-ray appearance potential spectroscopy, an electron beam is 
used to excite the atomic core levels in a sample. The excited states 
decay, emitting x-rays of different energies characteristic to the excited 
core level. In addition, the incoming electron can be scattered elasti-
cally, or radiatively decay to an empty state with the emission of 
bremsstrahlung. Inelastic collisions my occur and characteristic 
collective oscillations (plasmons) can be excited. The x-ïays emitted 
as a result of these mechanisms span the energy interval whose upper 
limit is the incident electron energy. The x-rays then strike a photo-
cathode. A few of the excited electrons in the photocathode escape into 
the vacuum and are collected. This photocurrent is a measure, then, of 
the total x-ray yield due to electron excitation of the sample core levels. 
An abrupt change in the total number of x-rays occurs when the in­
coming electron has just enough energy to raise a new core-level electron 
to an empty state at the Fermi level, of the material. These new 
x-rays correspond to the decay of upper-level states to the newly created 
core hole. The increase in the total x-ray yield at this point is usually 
quite small, typically less than one per cent. Differentiation of the 
total yield curve enhances this change and results in the spectrum of 
SXAPS. 
The interactions of the incident electron beam with the electrons 
of a solid fall into two categories; interaction with the valence 
electrons, and core-level interactions. The first category dominates at 
low beam energies since there are no core levels to excite. The electron 
may be scattered elastically or lose energy to the valence electrons by 
inelastic collisions, causing the ejection of secondary electrons. Also 
in this category are the plasmon excitations and bremsstrahlung, which 
dominates at higher energies, and results from the decay to empty states 
near E_, 
P 
At high enough incident energies, the core-level electron can be 
excited. The decay of this excited state is usually accomplished either 
by the direct transition of a conduction band electron to the created 
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vacancy with the emission of a chaiactarlstlc x-ray, or by the ener­
getically more favorable Auger process, a subgroup of which are the 
Goster-Kronig-type transitions Fig. 1 shows a flow chart for 
these decay mechanisms. In SXAPS the change in the total number of 
photoelectrons produced by x-rays is measured as the energy of the in­
cident electron is scanned across the threshold for a particular core-
level excitation. We must know the energy dependence of each channel, 
then, to predict the SXAPS results, 
So far, it has been implied that the various de-excitation channels 
are mutually exclusive. This assumption becomes less valid as the elec­
tron energy Is Increased above a particular core-level excitation thresh­
old, At threshold all the energy my be used, for example, to excite a 
core electron to Bp, with the eventual emission of a characteristic photon 
in the decay process. Above the threshold energy, the incident electron 
may suffer inelastic collisions and still have sufficient energy to 
excite the core level. Thus, at an energy, above threshold, where 
ijp la the plasma frequency, a new threshold my appear due to a change 
in the total yield of x-rays as the core-level excitation threshold is 
crossed once again by those electrons which have first excited a plasmon. 
Other processfis interconnecting the channels can be imglned. For example, 
Houston and Eark (12) have suggested that the sensitivity of SXAPS to 
light elements, which have a high probability for Auger de-excitation, 
may be due in part to electrons which radiatively decay to the conduction 
band. This would generate a synchronous bremsstrahlung signals since 
the creation of the Auger electron is modulated by the appearance of the 
ELECTRON 
BEAM < 
VALENCE / (l-X) 
I-IAND 
Cl-a) 
TARGET \QOpg 
LEVELS 
SECONDARY 
ELECTRONS 
BREMMSTRAHLUNG 
o\ 
CHARACTERISTIC 
^ X-RAYS 
AUGER 
ELECTRONS 
Figure 1. Available de-s xcltatioa channels for an electiron-exclted solid 
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initial core hole. Another interchannel relaxation mode is the radia­
tive Auger decay (19-21). In this case, an Auger electron and a photon 
are emitted simultaneously, and the kinetic energy of the electron is 
less than that of a true Auger electron "by an amount equal to the photon 
energy. In such a case the x-ray spectrum may exhibit successive photon 
lands (19) or merely asymmetries in the low energy side of x-ray lines. 
These bumps in the x-ray yield could give rise to structure in SXAP3 
although the integrated intensity of such bands is typically less than 
one per cent of that due to the nain line (21). Furthermore, this affect 
decreases with increasing atomic number, Z, due to the decreasing A'lger 
electron yield, and it is surface sensitive (20). Due to the low yields 
from this mode of decay, it will be neglected in the following discussion, 
but it should not be forgotten, particularly for low Z materials (21). 
Since only photons contribute to the SXAPS signal, at the thresh­
old for core-level excitation only the brerasstrahlung and characteristic 
x-ray channels will be considered. Above threshold the other channels 
cannot be eliminated with confidence, as just discussed. For thick 
targets, and in the energy range of 0 to 2.5 MeV, tl.e average energy 
loss due to brerasstrahlung can be described empirically by (22) 
6 Eg « 7 X 10'^° ZE^ (1) 
where Z is the atomic number, E is the incident electron energy and 
the units of E and 6Eg are eV, As shown in Fig. 1, the fmotional 
energy losses through the various channels are characterized by the 
8 
parameters <x, /3^ and Thus for the bremsstrahlung channel, we have 
g" ^ ? X 10'^° ZE, (2) 
E 
Below the core-level excitation threshold, « is zero and the result 
for y is as written. Above this threshold, « is non-zero and the 
energy dissipated through the bremsstrahlung channel is (1 - o<)a\ For 
the lower clannelg o( defines the number of core holes created. If 
is the fraction of these holes which decay with characteristic photon 
energy , the fractional energy loss through this channel is just 
= (PIWI)/E^ . (3) 
The total fluorescence yield is defined as 
W =  ^ (4) 
Defining B as the average photon energy emitted due to the recombination 
of the core hole with energy E^, we have 
Ë = (Z B,w.)/(J, (5) 
i _ _ 
so that 
«= (JE/Ex. (6) 
'1/ ^ '  
Looking again at Fig. 1, we see that the total x-xay yield, Y, 
defined as the total fraction of energy converted to photons at the 
threshold, Ex« is 
9 
Y «= (l-o()X' + ®</î 
" y + "^(/^ - f). (?) 
Since a is zero Taelow E^, and positive above E^, Y will have a posi­
tive change in slope if /G > y, that is, if the creation of the core hole 
results in a net increase of the total x-ray yield. Using the above 
values of^  and this condition is 
w Ê/E^ > 7 X 10"^° ZE 
or 
% > 7 X 10"^° (ZE/W). (8) 
Ë, the average photon energy for a given core-hole de-excitation, can 
only be approxinated, although it is necessarily less than E^, Values 
for w are available to some extent (23). Thus only a rough estimate of 
the potential signal for a. given core state can be made. The de= 
pendence on l/u) on the right hand side is significant, Tracy (15) has 
commented on the decreased sensitivity of SXAPS to 4d transition elements 
when compared to 3d materials. For Or, is an order of magnitude 
larger than for M. The weaker Bd signals might be explained by the 
above inequality since the right hand side would, be increased by an order 
of magnitude for Pd. 
According to the above development, near threshold the nagnitude of 
the SXAPS signal will be determined by the fractional probability ix, 
which is (16) 
10 
«(E) « dE» dx (r(E*-E)N(x)f(E'^, x), (9) 
whsrs o-(e*<=B) is the total excitation cross section for the core level 
whose binding energy is N(X) is the atomic density distribution 
function, and f(E»-Ej x) is the electron energy distriTaution as a function 
of penetration depth, x, into the sançyle. Since the mean free path for 
inelastic electron collisions my be less than 10 A (24), absosrption 
effects can be neglected, that is, the electron will in general, experi­
ence an inelastic collision long before absorption effects have signifi­
cantly altezed the electron energy distribution. Thus we can use the 
distribution 
f(S'-B) oc f(E'-E, x)dx, (10) 
which includes only the effects due to discrete energy losses, such as 
plasmon excitations. These losses will be included later and for now 
WW wxltô 
f(l*^) a ^(E»-^^). 
The inclusion of discrete losses will merely involve an additional con­
volution integral with f(E'»E) at the end. With these assunqAions then, 
we have (16) 
«(E) - vÇggN (r(E^-B), (11) 
where is the electron lasaa-fïee-path for inelastic electron col° 
lisions aisà H is the total density distslbatiGn of scattsriTig centers. 
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For convenience, we define the zero of energy at the Fermi level, define 
the incident electron energy as E^, and let the excited core level he at 
-Eg, as shown in the energy-level diagram of Fig. 2. 
The total excitation cross section, <r(E), is now calculated using 
first order perturlxition theory. The excitation rate depends on the 
transition matrix element 
M = /drSi(H)a^, (12) 
where and ^  are the total, many-hody wavefunctions of the crystal 
and extra electron in the initial and final states rsspsctivsly. K is the 
Coulomb interaction Hamiltonian (25). Several simplifying assumptions 
are now made. We assume that the incident electron interacts only with 
the core electron, so that the only non-zero portions of M are the one-
electron matrix elements of the Coulomb interaction. The transition rate 
is then W(E^-»E2)*N(E2)» where W(EJ^-> Eg) « {^^(Ej^-^Eg)! and represents 
the squared transition ratrix elezsnt for state going to state and 
N(E2) 35 the density of final states with energy Eg. Thus we have (15) 
<r(E) « 
4 °0(E'-œ^)dE' /®°"^®VW(E% Ci)W(EQ-^ €2)N(Ci)N(C2)j(E'+Eo-€i-62)dY€2. 
(13) 
Here ^(E'+E^) represents the core-level line shape, determined by 
the core-hole lifetime. It is usually assumed to te a Lorentzian centered 
at -Eg, If it is assumed to be narrow, we can take it as a delta function 
12 
E c 
Figure 2. Schematic energy level diagram for core-level excilation 
Including discrete energy losses prior to excitation 
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times a population factor, Nci(E'+Eg). The other delta function in the 
above equation restricts the transitions to those which conserve energy 
such that 
EQ + E' « + Cg. (14) 
This corresponds to the transitions labeled AA* in Fig. 2 where and 
Cg are also shorn. We are still excluding discrete energy losses prior 
to the core excitation. 
Now we make an approximation for the combined transition, or scat­
tering matrix element which, in first-order perturbation theory is 
e^ I e^ 
(15) 
where 1 and 2 refer to the incident particle and core electron, while 
3 and k refer to the final two-electron state. The second matrix element 
is necessary to allow for the exchange of the indistinguishable jarticles 
2 / ' ' in the final state, we note thai in« poLenLial, e :rhere 
k is the dielectric constant for the medium, can be extanded in terms of 
spherical harmonic» (26) and therefore contains all values of angular 
momntum. Thus no strong selection rules apply here as they do for opti­
cal excitations. Next, it is assumed that |h' P is a slowly varying 
function of energy so that it can be removed from the integrals. We 
now have 
Eo EQ+E' 
(r(E) . 4 N^j"(E'#:g)dE';j^ |M'|'%(q)N(e2)<f(e^+e2-E'-Bo)de^d£2 
= ^ t ° "''N(Eg^g-(^)N(E2)de2. (16) 
14 
The matrix element has also "been averaged in k - space and is appropriately 
normalized (5). We thus have the simple result that the total interaction 
cross section is proportional to the self-convolution of the empty density 
of states, and from Eqs. (16), (11) and (?) we have for the total x-ray 
yield 
' î(E)«(E);o° %(E„^;,-£2)H(£2)d£2. (I7) 
Î(E) has approximately a linear E-dependence from Eq. (2), Neglecting 
the energy dependence of A(E), the differential yield is (2?) 
dY(E)/dEg = constant + A/o°"\(E2)sf^(E^-Eç-£2)dE2-hWT(0)N(E^-E^,). (18) 
Recall that all our assumptions made this expression good only near 
threshold, Differentiation reduces the "bremsstrahlung to a constant 
"background and gives a signal, at threshold, proportional to the square 
of the density of states at the Fermi level. The integral term will give 
structure away from threshold, but in light of tne approxinBxions alrecwly 
made, the model is only valid near threshold. 
The agreement of this model with SaAxS data for the 3d transition 
metals (3) and for some of the simple metals (4,5) is remrkable con­
sidering the extensive approximations made. Even for Ca, where the d 
density of states peaks soRswhat above Ep, a derivative of the self-
convolution of N(E) does resemble the spectrum (28), For most of these 
materials, however, the a^xeeisent breaks down as one moves above thresh­
old. In some of the lighter elements such as carbon or boron, new fea­
tures appear in the spectrum due to the excitation of collective 
15 
modes (12,13)» and finally, for Ba (6) and the rare earths (7, 8, 9, 28) 
the above model fails completely. The spectra for the rare earths La, Ce 
and Tb are presented in Chapter IV of this work, as well as some typical 
carbon results. 
A more realistic model can be achieved if we relax the assumptions 
regarding the ionization cross section mtrix element, and include the 
II2 M' I , say rise sonewhat 
above threshold (17), giving more weight to the structure away from 
threshold. Returning to Eq. (lO) we can include the effect of discrete 
losses by a convolution in the above model with a distribution function 
f(e) which smears the energy distribution of the incident beam. This is 
indicated in Fig, 2. The incident electron in transition B first loses 
energy £, due to scattering from the valence band, and can still excite 
the core electron to Ep,, transition B', if (E^-C)-E^ = Eg, Thus the 
total x-ray yield involves the convolution integral over the energy 
losses, £, 
• 
The SXAPS signal, dY/dE^, becomes quite complex, losing the simple rela­
tionship to the density of states obtained previously, 
Nagel (17) has pointed out the similarity of SXAPS and the technique 
of characteristic isochromt spectroscopy (Cl), In the latter the inten­
sity of a particular characteristic x-my line is measured as the electron 
16 
"beam energy is swept past the core-excitation threshold. The results, 
under the same appraxinations used above, yield Eqs. (1?) and (I9) with­
out the hrenssstiahlung terra so that an SXAPS spectrum is simply the 
derivative of a CI spectrum. The agreement for the Ni line is quite 
good (17), and the two techniques should he compared, when the data are 
available for both. 
Other sources of data for testing and interpreting SXAK results 
are the bremsstrahlung isochroraat (bi) and short wavelength limit (SWL) 
techniques. As described by Nagel (1?), with the Bl technique the x-ray 
intensity is measured for a fixed photon energy, usually away from any 
characteristic lines, as the electron beam energy is swept past this 
fixed energy. In the SHL technique, the electron beam energy is fixed 
and the x-ray intensity is maaured at the high-energy threshold. Neglect­
ing discrete losses and using the one-electron picture again, Nagel shows 
tiat both techniques have intensity distributions that directly measure 
the empty density of states (1?) 
I(E.,W N(E„4iw). 
Thus both SWL and BI techniques can provide useful input for the inter­
pretation of SXAPS data. A very isportant difference exists, however. 
In SXAPS the created core hole nay alter the distribution of empty states 
near E if the core wavefunction greatly overlaps with the conduction 
F 
band wavefunctions. In S¥L and BI the core hole does not exist and the 
density of empty states my be more characteristic of the N-particle 
neutral s.tora with the addition of an extra electron at Bp, that is, 
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an N+i particle density of states^ This difference must be remembered 
when the data are compared and will prove useful in our data analysis. 
Up to this point, the one-electron theory has been used to develop 
a model for SXAPS processes. The result assumes constant transition 
matrix elements, infinite core-hole lifetime, one-electron energy bands, 
and neglects the effects of discrete energy losses prior to core excita­
tion. The result Is repeated here 
dy^Q-f^i ^^bcren d ®o"®c 
^XAIS " + ^  ^ 4 If(Eo-Bc-&)N(e)dC, (20) 
where the subscript on Cg has "been dropped, A(E) was assumed constant, 
and is identically T{b). Eg. (20) is the starting point for much 
of the data interpretation, and often will be leferred to as the one= 
electron theory. 
Using the one-electron theory. It has been pointed out that SXAPS, 
CI, SWl and BX spectra all have something in common in that they depend 
on the density of unoccupied states above Ep. In addition, the first 
two mke use of the core level as a window. Intercomparison of the 
results aids in the interpretation of SXAPS line shapes. Another useful 
piece of information can be gained from the soft x-ray absorption (SXA) 
ctrs.. This is particularly valuable since the ateorption coefficient 
can usually be found in the literature. The absorption coefficient, a, 
is defined as (29) 
2kw 
ot (tiu) = -r , (21) 
where k is the imaginary part of the complex index of refraction. 
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N = n+ik, w is the photon frequency, and c is the speed of light, 
<Xj as defined here, is the fraction of energy absorbed in passing through 
unit thickness of the material. In terms of the total interaction cross 
section for photon absorbtion, this is (30) 
<3i(tio) " y ^ (r(W, (22) 
where J is the density of the mterial with atomic number A, and is 
Avogadro's number. (r(fiw) can be calculated using first-order perturbation 
theory. The result can be found in most texts on quantum mechanics, and, 
for a single transition from initial state js^ to final state | k^, is (31) 
ir(W " Vks K ^ 1^'EI s) I ' (23) 
Here, the delta function conserves energy, is the fine-
structure constant, and the matrix element results from the standard 
dipole approximation. In addition, it has been assumed that only the 
two one-electron states, |k^ and |s^ , are involved in the interaction. 
Defining the transition oscillator strength as (31) 
A 
and. doing a sum on the polarization direction, £, gives 
(r(E) = Cfj^s<î(E-Efe), (25) 
where G is a constant. If we new consider the transitions from the 
initial state | s^ to all possible final states j k ^  we have 
O-(B) = G 2 fks6(E^_), (26) 
k>kp^  ks 
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where S means that we sum over available discrete states and integrate 
k>kp 
over the empty tends. As in the one-electron SXAPS model, we now assume 
that the oscillator strength is not a strong function of energy and can te 
removed from the sum, so that 
(r(E) oc S <Î(E-E,+E^). (27) 
The right hand side is just the one-^electron density of available final 
states, i.e. the density of unoccupied states as defined by (32) 
N(w) « ^ (f(w.{^). (28) 
We then have for the absorption coefficient 
A(E) OC (r(E) oc N(E+Eg). (29) 
To be consistent with the energy level scheme shown in Fig. 2, for an 
incident electron energy E^, the transition to the Fermi level, E = 0, 
originates from the core level E^ •= -E^. Thus we have the useful 
result that 
a(E) oc N(E-Eg). (30) 
Putting this result into the self-ccnvcluticn model, Eq. (20)* gives 
^  +  A '  _ f _ ( 3 1 )  
«0 dE„ dE„ 0 " 
Thus, tssiJig the data from SXA experiments for *(#), an SXAPS spec­
trum can be calculated and compared to the actual spsctrum. This should 
be quite helpful in the interpretation of the excitation schenes involved 
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in SXAPS. However, a note of caution is nesessaiy in such a comparison. 
First, the excited state in SXA contains only the excited core electron 
while in SXAPS an additional electron is present which may make Eq, (30) 
a "bad approximation. Second, the absorption coefficient has been derived 
in the dipole approximation and dipole selection rules apply. Consequent­
ly, photon excitation of s-symnetry core levels will reflect the p-sym-
metry density of states (33) » Gore levels of p-symnatry Hill reflect 
the s- and d-partial density of states. As pointed out earlier, in SXAPS 
the electron excitation process permits transitions of all symmetries 
since angular momentum is easily conserved. Hence the two techniques 
may reflect different densities of states. The relative contribution 
from the different partial densities of states is determined through the 
energy-dependent oscillator strengths which have here been assumed con­
stant, Thus the success or failure of the one-electron model, as well as 
of the prescription with N(E) replaced bya(E), will ultimately depend 
on the validity of the approximation for the transition matrix elements. 
At the beginning of this chapter, it was pointed out that the theory 
of SXAPS has not been sufficiently developed to reliably interpret the 
spectrum of an arbitrary material In terms of its electronic configuration. 
The cne=slectron model developed, above works well for some simple metals 
and the 3d transition metals, but fails to describe the results for many 
other naterials, %ny of the materials studied in this work do not fit 
the model and some modifications of this theory beeonie necessary. A 
discussion of this is postponed until the data are presented, siiice a 
better understanding can be obtained then. 
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CHAPTER III, BXPBRIÎ®NTAL CONSIDBR/LTIQIIS 
The technique of soft x=ray appearance potential spectroscopy (SXAPS) 
is relatively simple compared to other electron and x-ray core-level spec­
troscopies. The vacuum system and associated instrumentation, as dis­
cussed "below, need not be elaborate. It is, perhaps, the simplicity of 
SXAPS that makes the technique very attractive as a tool for identification 
of unknown elements on a solid surface. 
In this chapter the vacuum system constructed for our work is 
described in detail. The instrumentation is then discussed, iiieluding 
a consideration of noise, resolution, and calibration. Finally we treat 
the problem of sample preparation and other related topics. 
Vacuum System 
The original motivation for constructing the spectromter was to 
study the La core excitations with the hope of locating the position of 
the empty 4f states relative to the Fermi level, Ep. This question had 
not been answered by other spectroscopy methods and is of interest, 
particularly in the area of superconductivity (3^,35)» Consequently, 
the vacuum system was designed with only the essential items for such a 
measurementj resulting in a compact, relatively inexpensive spectrometer. 
The vacuum shell consists of two Ij in, stainless steel crosses and 
one tee, providing a total of seven access ports. As shown in Fig. 3» 
a 20 liter/second differential ion pump, nude ion gauge, and bakable 
valve occupy three ports. A stainless steel pipe leads from this valve 
to an auxiliary 5 liter/second ion pump which is used during the initial 
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Figure 3. Schenstic diagram of the spectrometer used in this work 
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pumpdovm, and afterwards, to maintain a low pressure in this line during 
takeout of the main shell. This smaller pump keeps the line at a pressure 
of lO"*^ Torr which protects the gold-foil seal in the takable valve from 
oxidation at the higher temperatures during takeout. At the end of this 
line there is a liquid-nitrogen cooled sorption pump and another valve 
for roughing the system during the initial pumpdown, 
A fourth arm on the nain shell houses the evaporator. In most cases 
a tungsten wire basket was used to hold the évaporant, although some 
materials, for example the MnFg powder, required other types of "boats, A 
mask was installed above the basket to confine the évaporant to the sub­
strate surface and to limit contamination of the rest of the system. 
Some contamination problems were still encountered, especially with Yb. 
This will be discussed in Chapter IV. Directly opposite the evaporation 
port is the spectrometer detector, the construction of which will be 
discussed below. With this arrangement a 180° rotation of the target 
holder moves the substrate from the evaporation position into plaue xor 
a measurement. The rotation is accomplished with a magnetically-coupled 
rotary feed through. A pin, installed on the rotor shaft, insures proper 
alignment of the substrate with respect to the evaporation mask and detector. 
%ny such special precautions were necessary since we had no viewing ports 
on the system. 
The final port provides the high voltage connection for the target. 
A piece of boron nitride (grade HP) (36) electrically isolates the target 
from the stainless rotor shaft. This material was chosen since it 
machines easily and does not have to be fired as do many lava mterials. 
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Boron nitride was also used in the construction of the detector. 
Two types of sanple holders were used in this work. Both were 
DBChined from stainless steel. The first was a disk, 1/8 in. thick by 
3/4 in. diameter, which was used as a substrate for evaporated filits 
of all materials. In a few cases, where crystals of different materials 
were to be studied, a four-sided mount was used. This target had four 
faces, 3/4 in, 1 in., and fit over the end of the boron nitride ex­
tension, The samples were then fastened to each face with A1 masks. 
This target required a special rotary stop to insure proper alignment with 
the detector since there was no viewing window, A collar was designed 
for the rotary shaft, with four small radial holes around its circum­
ference. A soft-iron pin was machined and positioned in the vacuum 
shell to fall into a hole in the collar when a face of the saHg)le holder 
was properly aligned. The iron pin was lifted out of the hole by means 
of an external magnet. This target was used only when several externally 
prejared samples were to be studied, since only one evapoiator existed 
in the system. The primary disadvantage of this target assembly was 
the soft-iron pin which had a relatively high vapor pressure, giving 
base pressures of only 1 x 10 Torr, In future work with this target 
assembly, it Mould useful to gold-plate the iron pin to reduce 
this source of gas. With the other tas^et holder, base pressures of 
•11 
8 X 10" Torr were achieved. In the work with La and Ge, experimental 
runs could be aade in the 10"~® Torr region. Other R&terials were stalled 
in the low 10 Torr range. 
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The final element of the system to be discussed here is the detector. 
This compact device was based on the design of Musket and Taatjes (37). 
The detector has cylindrical geometry and is mounted on a four-pin, 
medium-current feed through (Ultek No. 281-2650). The pins were shortened 
to accomodate the detector with an overall flange -to-sample distance of 
12,6 cm. As shown in Fig. 4, the photocathode is a cylindrical can of Tag 
1 in, in diameter by 2^ in, long, with one side slightly flattened to give 
a D-shaped cross section. Ta was used because it has a fairly high photo­
electric cross section and can be easily formed into the desired shape, 
Tiacy (15) has reported on the influence of photocathode mterial in the 
SXAPS spectrum, but in this work, no strong Ta features were ever detected. 
The open end of the Ta can faces the sample and is covered by an 80 per 
cent transparent woven tungsten grid. Tungsten was chosen after attempts 
with photoengraved Au and Ni screens failed, With a grid-to-filament d.is-
tance of only 0,7 cm, the Au and Ni screens were destroyed, due to the high 
operating tempeis-tures of the tungsten wire filanent. 
The stainless steel collector pin is mounted along the photocathode 
axis. To provide electrical shielding from the nearby ion gauge and fil­
ament leads, the copper feed through rod was fitted with a coaxial glass 
sleeve and a stainless steel tube which was Ijî contact with the flange. 
The leads for the electron filament are 1/8 in, copper rods, shaped 
to pass along the flat side of the photocathode » The boron nitride 
baseplate and ring insure electrical isolation of the filament leads 
from the photocathode and grid. The baseplate provides rigidity for 
the detector assembly and the front ring is used for attaching the 
grid to the assembly with electrical contact to the photooat-hode, The 
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Figure 4. Schematic cHagisam of the x-ray detector used in this work 
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electron filament is suspended from the two over-hanging copper elec­
trodes and is typically a 0,020 in, tungsten wire, bent in a V-shape, 
with the apex centered on the grid. To localize the electron emission, 
the tip of the wire was chemically etched to approxinately half the wire 
diameter. Tungsten was used since its work function is well known (38) 
and quite reproducible in vacuum. 
With this detector geometry the filamant-to-sample distance is 
about 0,3 cm, and the filament-to-grid distance is 0,7 cm. The solid 
angle subtended by the grid, as seen from the center of the sample, is 
then 0.73TT sr. The loss of solid angle due to the flat side of the grid 
is small since the total solid angle for a full circular cross section at 
1 cm distance is 0,75tt sr, or about three per cent greater. Other 
detector geometries have been used (3, 5» 10) in SXAPS, In particular 
the cylindrical geometry of Nilsson and Kanski (5) may have some advantages 
over that of this work. Decreasing the sample-to-grid distance, with our 
geometry, to 0,5 cm would increase the collection angle to about î,£5îî oï. 
However, this would also require a smaller sample diaifâter to clear the 
chamber walls during rotation, reducing, in effect, the x-ray flux. It 
would also place the hot electron emitter dangerously close to the grid. 
It Has felt that the present geometry provided a good compromise. Another 
point to consider in determining the best geometry is the angular distri­
bution of the emitted x-rays. No study was made of this effect with the 
present apparatus. It is knoim (39) that self-^bsorbtion by the sample 
becomes more important as the take-off angle is increased, since the 
mean escape path is effectively increased. In SXAPS this my still be a 
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negligible effect since the penetration depth of the unscattered electron 
beam is only a few atomic layers to begin with. 
The system as described above required about two days to reach vacuums 
in the low 10"^ Torr range. The most efficient pumping uethod consisted 
of initial roughing, followed by a short period of pumping with the sorp­
tion pump. The ion pumps usually started after a few hours with the shell 
at 250° C, The system was then pumped for another day at 250 to 300° G. 
In most cases this was sufficient to reach a pressure in the 10"^ Torr 
range. No titanium sublimators were used to assist in the pumping al= 
though the rare earths studied seemed to getter quite well, and the best 
vacuums obtained during the ifork with La and Ce were below 1 x 10"^® Tore, 
Instrumentation 
Electronics 
The circuit used for these measurements is shown in Fig. 5. It is 
"tesically the same as that of Bark and Houston (io) with the exoepolon of 
the detection circuit. The electrons leaving the filaient, F, are at= 
tzacted to the sample, S, at high voltage, creating x=rays and secondairy 
electrons upon impact. The electron current is returned to the filamen; 
through an ammeter and a potentiometer in parallel with the filament. 
The ammeter measures the total current, consisting of the true beam cur­
rent and a much smaller current drawn by the high-impedance digital volt­
meter. The correction for this latter portion is easily nade to arrive 
at the true emission current. This entire circuit is biased about HO V, 
(o Vg), above ground to prevent electron current to the grounded photo-
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cathode. The high voltage supply is resistance progzanaable and the 
output voltage can be swept through the region of interest "by a variable 
speed, motor-driven potentiometer circuit. The digital voltmeter is 
positioned as shown in Fig. 5 to read the actual filamnt-to-aample ac­
celerating potential. There are no corcecticns necessary then for voltage 
drops across the transformer windings or ammeter. An output from the 
digital voltmeter provides the xnirive for an x-y chart zeeezder. 
To insure that the electrons are returned to the filament at the 
5*.n« potential with which they were emitted, the reversing switch, SI, 
is used in conjuncti<»i with the filament potentiometer, With this stand­
ard configuration two scans are mde..a;orosa a. relatively ab&zp fe&tm», 
like the Cr excitation, one for each direction of the d.c. heating 
current. Successive of scans are then made, and the potentiometer 
is adjusted until the scans for each direction of heating current over­
lap exactly. The voltage drop across the filament and connecting leads 
was typically less than two V. The actual drop across the filament could 
not bs asasured. The success of this method depends on the sharpness of 
the feature being used, which depends on the mgnitude of potential mod­
ulation and the reproducibility of the heating current when reversed, 
xns zsro crassxng m tns of ths Gï? struCi-iSTS «âs wSUâHy 
used since Gr peaks from the stainless steel tas^get holder were always 
present before sample evaporation. In practice, it was found that the 
filament and its leads were sufficiently symmetric with respect to the 
emitting portion of the filament to eliminate the potentiometer com­
pletely; to allow ths use of one-half of the potential œsasured 
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across the filament at the return point, as a correction to the digital 
voltmeter reading. 
The final consideration in this portion of the circuit is the intro­
duction of the potential modulation. An isolation transformer was used 
to superimpose an a.c. voltage on the d.c, accelerating potential. A 
frequency of 1,5 kHz was used in this work. At lower frequencies the 
signal-to-noise ratio was somewhat worse, and at higher frequencies the 
response of the lock-in amplifier was reduced due to the large source 
impedence (R=1 X 10^-n.), The amplitude of the modulation was varied 
from 0,2 to 2,0 volts peak-to-peak (Vpp), depending on the resolution 
required and the strength of the detected signal. The modulation am­
plitude was always measured at the high voltage vacuum feed through 
connection. 
The detection of the electron-excited x-ray fluorescence in SXAPS 
has seen several modifications in the past two years. The circuit used 
in this work is "by far the simplest, and most likely the least sensitive, 
although it proved adequate for most of the materials studied. Its 
primary advantages are of course its reliability, sinçlicity of con­
struction, and lack of tedious fine tuning. The Ta photocathode, P, 
and tungsten grid, G, are at ground potential: This prevents the ther­
mionic electrons from reaching the positively biased collector, C, X-rays 
from the target pass through the mesh and strike the photocathode, pro­
ducing photoolectrons which are then collected by the positively biased 
pin. The collected photocurrent is returned to the photocathode through 
a metal-film resistor, producing a synchronous voltage to be neasured by 
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the lock-in amplifier. No filtering or preamplification prior to that 
of the synchronous detector was used. The output of the lock-in am­
plifier is recorded on the y-axis of an x-y recorder as the sample 
potential is swept through the region of interest. The 600 V bias of 
the collector, VQ, is well into the saturation region of this simple 
photodiode, A 300 V "bias was satisfactory for most purposes, however 
the 600 V battery introduced no detectable increase in noise and in­
creased the signal strength by about ten per cent. At an emission cur­
rent of about two mA our root-mean-square (rms) signals were from one 
to 30 with the 10^ ^  lead. The major disadvantage of this scheiws 
was the necessity of working at such low voltage levels where extra­
neous pick-up, despite shielding, and microphonics, due to the cables 
and the detector itself, could cause problems. With no external pre­
amplification the sensitivity was often limited by the lock-in amplifier 
rather than by the inherent noise as discussed below. 
Variations of this simple detection scheme are abundant, Houston 
and Park (2) have used a resonant LC tank circuit as a preamplifier and 
have also used an electron multiplier to measure the photocurxent, 
Tracy (15) used an operational amplifier with a gain of 10^ prior to 
syriohronous detection. Baisn et al; (40, M) have used various thin foil 
filters with an electron multiplier, and later, a cesium-Iodide photo-
cathode (42), to measure both a synchronous signal and a d,c, signal 
which was then numerically differentiated, Pocker (4-3) has combined 
the advantages of an operational preamp with those of the resonant tank 
filter in a doubly resonant current-to-vol-tage preamp which should be 
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useful for SXAPS. Andersson et al. (44) have eliminated the need for 
large emission currents by using a liquid-nitrogen cooled silicon surface-
•barrier diode to detect the emitted photon flux. They report that it 
behaves as an ideal detector in that the signal-to-noise ratio is limited 
only by the shot noise produced by the photon flux. The main advantage 
of such a detector is the ability to work with lower emission currents 
and thereby reduce the disorder and desorption caused by larger electron 
beam currents as discussed below. 
Noise 
Three types of noise cause distortion with the detection scheme used 
here. They are: first, the photon flux and thermal noise which are in­
herent to the diode and resistor respectively? second, stray pick-up and 
microphonics of the cable and detector; and third, instability of the 
various circuit components. Each of these is discussed separately. 
The load resistur Is a sourcc of ncisc itself dye +.0 f,he mndom 
motion of electrons from one end to the other. This thermal (Nyquist) 
noise can be expressed as (45) 
« 4kTR, 
where ^v^^ is the mean-square voltage per unit cycle of bandwidth, 
k is Boltzmann's constant, and T is the absolute temperature of the re­
sistor with resistance R, The bandwidth of the Ithaco 353 lock-in am­
plifier with a one second tiîïœ constant^, Vg and 12 db/octave rolloff is 
approxinately l/8ror 0.125 Hz (46), The noise figure of the 353; with 
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a source impedance of 10 jci at a frequency of 1.5 kHz, is nearly unity, 
so it introduces negligible self-noise. The rms thernal noise is then 
4,3 X 10"® V or 1,2 X lO""^ Vpp. Since we are concerned with photocurrent 
here it is more meaningful to work with rms noise current which is then 
4.3 X 10'^^ A or 1.2 X lO'^^ App. 
The l/f noise (current noise) is given by (45) 
where has the same meaning as above, f is the frequency of mod­
ulation, K is a constant determined by the geonetry and construction of 
the resistor, and ^ is the d.c. photocurrent. Such noise is large 
in composition type resistors due to the intergranular contacts but is 
absent in metals and thus of no concern with a metal-film or wire-wound 
resistor. 
Shot noise arises due to the photon flux in the photodiode. It is 
a measure of the random emission of electrons from the cathode material. 
The mean-square shot noise increases with the photocuaasnt and is 
given by (45) 
<^i^> = 
where ^Ai^^ is the mean-square current per unit cycle of bandwidth and 
e is the electronic charge. In the derivation of this expression it is 
assumed that each emitted electron reaches the collector independently 
of all the other electrons, that is, it neglects space«charge limitations. 
The collector bias voltage used in this work is well beyond the space» 
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charge region. For typical data in our voxk, the total d.c. signals 
at the larger accelerating potentials were about 6 mV across 10^ A. 
or 6 X 10"^ A, This gives an ras current due to shot noise of 1,6 x 10"^^ A 
or approxlaately 4,4 x 10"^^ A^, The total rms noise, then, for a rssis» 
tor of is 0,6 X 10"^^ A or 1.64 x lO"^^ App, This becomes sig­
nificant when conpired to that portion of tte synchronous current due to 
core-level jsdiative de-excitation, which say represent in soss cases 
only one part In 10^ of the total photocurrent, or about 10"^^ A. The 
ras noise voltage from above is about 6 x 10"°® Y, Peak-to-peak signal 
levels were 30 for some of the strongest transitions and noise was 
not a problem there. At the other extreme, some of the weakest tran­
sitions reported here, for examine the fluorine is excitation, had signal» 
to-nolse ratios on the order of two @r three. Uncertainties due to noise 
will be pointed out in Chapter IV whan appropriate. 
It is iagortant to note that increasing the resistance, B, increases 
the signal strength linearly, as long as the lcck»ln response is unaf­
fected, but Increases the thermal noise only as the squars roct sf B, 
* 
Furthermore, the shot noise increases as ^ ) whereaa the signal 
strength Is linear in Hence, large resistors and large emission 
curvent» deslreabLe. The disadvantage of higher emission currents, 
as mentioned before, is sample daaage. 
With some of the insulating materials studied in this work, e .g, 
laF^, the d.e. photccurrents wars about an order of egaltwde larger tian 
just discussed. However, to avoid film damage with the insulaioxs, the 
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emission currents were held below one nA in general. The d.c. photo-
current was then of the same magnitude as that used in the calcula­
tions above, and thus the same noise figures apply to that work as 
well. 
T h e  second category of distortion to be discussed is stray pick-up. 
To minimize this effect, short cables were used, ground-loops were avoided 
and special shielding was designed for the SXAPS feed through. Inside 
the vacuum, the collector lead was shielded as discussed earlier. Out­
side the vacuum the load resistor and battery were placed close to the 
vacuum flange to provide a signal voltage as soon as possible. The two 
Ou electrodes going to the detector were shielded at the flange to avoid 
pick-up from the neighboring two electrodes which passed the filaraent 
heating current. 
Another potential source of pick-up is the stray capacitance be­
tween the grounded photocathode and the sample, on which there is an a.c, 
voltage present, Eastman (4?) observed such an effect when Lliè potential 
of the photodiode itself was modulated in a photcssdssion experiment. 
He corrected for it with a null-technique usirig a bridge circuit.- The 
diode bias in our experiment is fixed and the capacitance of interest is 
between sample and photocathode, not between photocathode and collector. 
If such pick-up is present it should give rise to a constant synchronous 
background, the magnitude of which depends on the product of the electrode 
capacitance, modulation frequency, and modulation amplitude. No such 
fre(iuency or amplitude dependent background was encountered in this work. 
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The final consideration in this catagory is noise due to micro­
phonics, that is, noise voltages generated by movement of electrodes or 
cables due to vibration. In addition, movement of the photocathode might 
cause intensity fluctuations, depending on the photon flux and the sen­
sitivity of different regions of the photocathode. To minimize micro­
phonics in the photodiode, the boron nitride insulators were designed 
with an outer diameter just slightly smaller than the vacuum walls, 
providing some support for the structure. By using short cables and a-
voiding external disturbances where possible, the vibration problem was 
minimized. Despite all precautions taken, the combination of stray pick­
up and microphonics probably accounted for some of the noise observed in 
this work. In some of the worst cases the nas noise was about 0,1 /nV, 
approximately half of which is accounted for by the thermal and shot noise 
figures obtained earlier. 
The last catagory of distortion to be discussed is that due to in­
stability of the circuit components, primarily in the electron beam 
circuit. The detection circuit was not a problem since the only bias 
used here was provided by a battery. The load resistance and look-in 
amplifier were also quite stable. However, variations in either electron 
current from the filament to the target, or in the amplitude of potential 
modulation would cause problems since the synchronous signal depends 
almost linearly on both. The observed fluctuations were usually on the 
order of one part in 20, and when they occurred j were mndom and in­
frequent, Such large instabilities were not due to the oscillator and 
in most cases they could be correlated with an observed change in the 
38 
emission current. A constant current supply provided the filament heat­
ing current of approximately 12 A with a rated stability of about one 
part in 100 (48). The larger fluctuations were then most likely due to 
non-uniform emission of the filament itself, or changes in the effective 
filament impedance as seen by the heater supply. Since the fluctuations 
were random and infrequent, any doubt about possible structure in a 
spectrum was removed by repeating the scan. No further regulation was 
tried although control circuits have been constructed for use in other 
SXAPS work (5, 9» 10, 15). The principle advantage of an emission control 
circuit is in the removal of space-charge effects. For the lower accel­
erating potentials, the build-up of space charge reduces the beam current 
and therefore the signal strength. With the geometry used here this oc­
curred primarily below 100 eV. A regulation circuit raises the filament 
temperature in this region to keep the filament-to-target current constant. 
Most of the signals of interest to us were above 100 eV. In addition, a 
first-order correction for the variation of emission current can be made, 
as discussed in Chapter IV, and this was done when the structure was 
believed to be influenced by the variation in emission current. 
Resolution 
A very attractive feature of SXAPS is the resolution obtained for 
relatively minor effort when compared to other core-level spectroscopies. 
The final resolution achieved depends on several parameters which will 
be discussed below, but typically is between 0,5 and 1.0 eV. For the 
sake of comparison; XPS measurements are often resolution-limited by the 
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monochromaticity of the exciting radiation. The Mg and A1 Kq lines used 
have natural widths of about one eV (16), The dispersion of the electro­
static analyzer may reduce the resolving power even more. With a re­
tarding potential analyzer, a resolution of one eV was obtained by 
Suzuki et al. (49) for the Au 4f line. Bark and Houston (50) have re­
viewed the different core-level excitation techniques and conclude that 
SXAPS resolution is competitive with the others. For nîsthods such as 
Auger spectroscopy, ionization spectroscopy and characteristic isochroiat 
spectroscopy, electron beams are used to excite the core levels and the 
resolution is ultimately limited by the spread in energy of the exciting 
beam as in SXAPS. 
A limiting factor in SXAPS resolution is the thermal spread in energy 
of the electron beam. This depends on the operating temperature of the 
electron filament, which in our case is estimated to be about 2800 K. 
The electrons escaping from the metal filament are represented by the 
high energy tail of the Fermi-Dirac distribution function which, at these 
temperatures, is roughly described using a Maxwellian velocity distribution= 
Using this distribution function, one can calculate the avemge kinetic 
energy per electron crossing a surface outside the emitter. The result 
is just 2kT per electron (51) which, in our case, is about 0.5 eV. This 
average themal kinetic energy is used in the calibration of our raw data 
as discussed below. The same value is used by Nilsson et al, (52) while 
Park and Houston (3) use instead just kT for this energy correction. To 
get an estimate of the spread in energies of the incident electrons, we 
can use the sanK distribution function as above to calculate the man-
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square energy per electron leaving the emitter. The result is just 
6(kT) . Using one standard deviation as a rough estimate of the mono-
chronaticity of the electron beam, we obtain a value of 0.3^ eV for the 
root-mean-square thermal energy broadening. 
Resolution can be further limited by the potential drop along the 
emitting portion of the filament, which could not be measured directly 
in this work since the hot portion of the filassent was inside the vacuum. 
However, an absolute upper limit can be measured at the filament feed 
through. For most of the work reported here this limit was about 1,3 eV, 
The broadening contribution due to this potential drop can be decreased 
by using an indirectly heated cathode or using material of lower work 
function (?). This can lead to new problems, however, since cold cathodes 
may need to be flashed after exposure to air and this can result in con­
tamination of the nearby sample (lO). Another alternative is to use an 
a.c, heating current with the detector gated to measure only at the zero-
crossing point of the applied heater voltage. 
A third source of broadening in SXAPS is that due to potential mod­
ulation (53). This technique of taking derivatives is also used in Auger 
and photoemission work and, although its use can surpress annoying back­
ground (5^), it introduces broadening by the fact that the measured signal 
at a given energy is actually a weighted aveiage of the true signal over 
a spread of energies determined by the amplitude of modulation. The exact 
form of this dynamic broadening has been derived for sinewave modulation 
by Houston (55) and only the results will be presented here. 
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The total x-iay fluorescence yield, Y(E), is the true function to be 
measured. The potential modulation is of the form 
E(t) = E + e cos wt, 
and a Taylor expansion of Y(E(t)) gives 
Y(E(t)) = Y(E) + (e^/4) Y^ (E) + '•• 
+ (eY^(E) + (e^/8) Y^(E) + ••• ) cos <Jt 
+ ((e^/4) Y^^(E) + *••) cos 2ot + , 
where Y^(E) indicates the nth derivative of Y evaluated at E. We see 
that the nth-harmonic term of the series contains the nth derivative as 
well as higher order derivatives. For small modulation amplitudes, e, one 
usually neglects the higher order derivatives and equates the nth harmonic 
to Y^ scaled by the modulation amplitude. The error in this method is 
made somewlHt worse by the fact that the synchronous detector used here, 
when set to measure the first-harmonic signal, Y(u); actually measures 
Y = Y(w) + (l/3)Y(3u) + (l/5)Y(5w) + • • • 
The first truncation error is avoided by the exact formalism for dynamic 
broadening (53); Here, the measured nth harmonic, H„, is related to the 
true nth derivative, Y^, by 
H « * Y^. 
n n 
The asterisk indicates a convolution product (56), and t^ is the dynaitdc 
instruEfônt response function. For the first two harmonics this function 
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is given by (55) 
= 2/îT (l=(E'/e)^)2 
tj = (6/3) 2/TI , 
and tjj is defined to be zero outside the interval E-e < E' £ E + e. 
The problem of higher harmonics being measured by the amplifier is still 
present and the appropriate t^ would broaden these as well. For the snail 
values of e used here we neglect this distortion. 
With the above formalism we could deconvolve our measured signal to 
get at the unbroadened, true derivatives. Houston and Park (53) have 
demonstrated the effect of potential modulation on a Lorentzian peak in 
terms of the parameter, e/&, where a is the half-width at half-maximum for 
the input function. The dynamic broadening for e/a ^ 0.5 is small. 
In addition, we have calculated the broadening for the derivative of a 
Lorentzian peak, since this more closely resembles the SXAPS peaks. The 
results are shown in Fig, 6. We have normalized the peaks to unity and 
show the unbroadened curve as a solid line. The dashed curves represent 
e/ft = 0,25» 0,5; 1; 2.5, and 5, reading from the solid curve out. Here 
also we see that only slight broadening is introduced for e/& ^ 0.5, 
Deep core states nay have mtiiral widths of about 0.2 eV while 
higher-lying states my be a few eV in width. The proper modulation level 
then depends on the core state being studied. For most of our work a 
one Vpp modulation was used (e = 0.5 eV) so we would obtain essentially 
unbroadened results for t. ^ 1 eV. Some structures in the 
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Figure 6. Dynamic 'broadenirig of the first-harmonic signal due to the potential modulation 
technique 
rare earth spectra have natural widths much less than this, and there we 
used 0.5 to give true peaks for a > 0,5 eV. However, due to the 
therml energy broadening, and the potential drop along the filament wire, 
as discussed earlier, our resolution is limited to something greater than 
0.5 eV and further reduction of the modulation amplitude would be of 
little value. 
The final consideration for resolution is the ratio of scanning 
speed to lock-in amplifier time constant, r. The Ithaco 353» when operated 
at 12 db/octave roHoff, requires 3»^ seconds to achieve 90^ of the input 
signal (46). The scanning speed should then be set such that the energy 
interval corresponding to the desired resolution is scanned in a time, 
t > Since the best resolution achievable here is about one eV, a 
speed of 0.25/r V/sec. is required. For a given signal strength the sig­
nal -to-noise ratio will determine an acceptable r and this in turn deter­
mines the maximim scanning speed for optimum response. 
Energy calibration 
With any core-level spectroscopy the problem of absolute calibration 
of the initial- or final-state particle energy is always present. For 
example, in photoemission work, the calibration may be referenced to the 
Au Ng and Ny lines which are assumed to be well known (57). When electro­
static analyzers are used, their work functions must be measured, and use 
of accepted standard lines in a spectrum helps to accomplish this. 
In SXAPS the detector work function does not enter into the calibra» 
tion, but the filassnt work function does. Fig. 7 is & schemtic diagram 
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of the energy levels involved at the electronic excitation threshold of a 
core level. The incident electron energy relative to the target Fermi 
level, Bp m Is given by 
r 9. 
E •= eV + eJ#j + 2kT. 
Here V is the applied potential, e is the electronic charge, is the 
filament work function, and the contribution 2kT, discussed earlier, is 
the average kinetic energy Imparted to each electron due to thenml motion 
at temperature T in the filament. No correction is required for the 
detector work function, Furthermore, the potential modulation as in­
troduced here, does not add to the energy of the electron since the super­
imposed oscillations are symmetrically positive and negative about the 
applied d.c. potential. This would not be the case if the modulation 
potential were clamped to be strictly positive going with respect to the 
applied potential. The modulation amplitude can have an affect on the 
data analysis when trying to determine excitation threshold energies, 
since, as shown in Fig. 6, the modulation causes broadening of the true 
signal and shifts to lower energy the threshold of a peak in the spectrum. 
The controversy over determination of binding energy by SXAK is not 
settled (3,55) and will cs discusaed la corisection "ith the data anal^i»}. 
since the nain issue there is one of line shape interpretation. 
The digital voltmeter (DVM) used to read the applied accelerating 
potentials, V, was a three and one-half digit meter capable of reading 
160 per cent of full scale. Thus from 0 to I6O.O V, the absolute uncer­
tainty would be ^ 0.05 V; and from 160 to I6OO V the uncertainty would 
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be * 0.5 V. The DVM calibration was checked against a standard voltage 
supply and it was confirmed that when the right-most digit switched by one 
unit, the relative uncertainty in the voltage at that point was at worst, 
10 per cent of that unit change. In recording the spectra, tic marks were 
nade manually precisely when the meter digit changed so that from 0 to 
160,0 V our absolute uncertainty in V is * 0.01 V and from 160 to 1600 V 
our absolute uncertainty is about - 0.1 V, These values are less than our 
resolution limit and thus do not contribute significant additional error. 
The x-oxls of the x-y recorder was driven by an output from the DVM. 
During the recording of each spectrum, tic marks were made nanually at 
selected DVM readings. Thus the recorder calibration was not a source of 
error. Also, the recorder had a slightly non-linear gain amounting to 
one part in 300, To avoid additional error, the DVM readings were marked 
at closely spaced intervals and these marks were used to calibrate the 
energy axis of the spectrum. 
Sample Preparation 
Surface preparation is crucial to SXAPS since the technique is 
surface sensitive, as are most spectroscopies using medium-energy electrons. 
The penetraticn depth for an electron of 1P«R than one keV has 
been determined by observing the escape depth of photoelectrons using 
thin film overcoatings (24, 59). A good estimate for at one keV 
0 
electron energy is 10 A, or a few atomic layers for mny «aterials. Thus, 
surface preparation becones important. 
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With only a few exceptions, evaporated filas were used in our work. 
The exceptions were some early design work in which a polycrystaline Or 
sample was used, and a later attempt to compare the 4d. transition metals 
Y, Zr, Nb, and Mo using polished bulk samples, cut with no preferred 
orientation. The source materials were usually checked for purity before 
insertion into the vacuum. 
The system had no special facilities for surface preparation other 
than electron beam heating. There was no thermocouple to measure sample 
temperatures during electron beam heating or during experimental runs and 
only an estimate of sample temperature could be made. It was felt that 
the temperatures achieved were not sufficient to effectively clean a bulk 
specimen prepared outside the vacuum so few bulk samples were studied. 
With evaporated films the amount of contamination was determined by the 
vacuum pressure and source purity, both of which could be controlled to 
some extent. In the case of the more reactive materials studied, oxida-
tion affects were still present at pressures in the iO lorr and 
were observed as changes in line shapes. 
No facilities were available for measuring film thiclsisss or rate 
of evaporation. The peaks due to Cr in the stainless steel substrate 
Hers usually "sed as a measure of succussful evaporation. Once the peaks 
had disappeared due to a thin film overcoat, the power level for evapora­
tion was determined. From that point on, successively higher evaporation 
currents were used as the source mterial was depleted. Since the pene­
tration depth in SXAPS is only a few monolayers, and because the evapor= 
ation system was quite crude, it can be safely assumed that many atomic 
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layers were deposited with each evaporation and consequently, that new 
material was being studied with each evaporation, 
A final point to consider here is the effect of the electron beam 
on the surface being studied. Park et al, (60) reported that the el­
ectron beam heating could be used to anneal a substrate and commented (16) 
on the extreme importance of the surface condition in SXAPS, On the other 
handJ using combined Auger and LEED studies, Florio and Robertson (61) 
have shown that the electron beam can seriously alter the surface being 
studied. Using a focused electron beam of 500 V and one for Auger 
studies, they found that up to 80 per cent of an adsorbed CI layer on Si 
can be removed in about one hour. LEÎEÎD studies of the affected area 
showed no recognizable pattern whereas moving to a new spot on the sample 
gave an ordered (1x1) chlorine structure. They further concluded that 
k 
roughly one atom for every 10 electrons was desorbed. Similarlyj Tracy 
and Palmberg (62) have reported that the electron-beam dissociative de-
sorption of GO on (lOO) Pd, ejecting oxygen and leaving C, rruaU^itcu 
attempts to study CO coverages on the surface. They also observed ther= 
mal diffusion of G and S to the surface as a result of heating. Lambert 
and Gomrie (63) studied the impact effects of a I5OO eV focused electron 
beam for CO coverage on (111) Pt. They concluded that the desorption 
rate was much faster than the dissociation rate and that most of the ad-
layer disruption was due to relatively slow backscattered electrons rather 
than to the fast priiiary be^. 
To try to eliminate the electron beam effects of thermal diffusion, 
dissociation, disorder, and desorption, the obvious approach is to reduce 
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the electron current and use a defocused beam. Defocusing in the above-
discussed cases reduced the problems significantly and permitted more re­
liable Auger spectra. Less destruction in SXkPS, using beam currents of 
several microamps, has been achieved by building more sensitive detectors 
(42, 44). Andersson et al. (44) have reported SXAPS results for chemi-
sorption of 0 on Ni. They observed a change in the oxygen feature upon 
increasing exposure to 0 which is interpreted as a transition from chemi-
sorbed 0 on Ni to nickel oxide. 
In this work, emission currents of a few mA were used for most metal­
lic samples. For many of the insulators, reproducible spectra were ob­
tained only for beam currents below one mA and it was felt that higher 
emission currents were destroying the films. For GsCl and LaF^ some 
effects attributed to larger beam currents were observed and will be dis­
cussed in the data analysis. 
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CHAPTER IV. RESULTS AND DISCUSSIŒ 
The materials studied in this work can be grouped into three classes. 
They arei the transition metals. Or, Y, Zr, Nb, and Mo; the rare earths, 
La, Ge, and Yb; and the insulators MnPg, CsCl, KCl, and LaPy Some work 
was also performed on the alloy Ag + Mn (5JS) and will be discussed with 
the transition metals. Since each of these materials requires special 
consideration in the analysis, their spectra will be discussed individually. 
Transition Metals 
The 3d transition metals have recieved the most attention of all 
materials studied by SXXFS. The reason for this is quite probably that 
these materials give relatively strong SXAPS signals. Park and Houston (3) 
have studied the series from Sc (Z » 21) to Ni (Z = 28), demonstrating the 
change in line shape as the 3d band is gradually filled. The effects of 
oxidation on Ti, Or, Fe, and Ni have been reported (2, 60, 64-66). A 
comparison of the surface and uulk ccrc^-clcotron binning energies has been 
made for Ti, Gr, and Ki using SXAPS and photon-excited AES (6?), and for 
Fe and Ni using SXAPS and XPS (58). The L./Lg intensity ratio for Or has 
been studied using SXÂîS and Auger^alectron APS (68). Studies have also 
been made on the transition metal alloys TiNi (69), and NiCu (70). 
Musket (71) has corajared the sensitivities of SXAPS and ABS to seveml of 
these materials as well as to S, C, and 0. Tracy (14, 15) has studied 
the sensitivity of SXAPS to 3d and 4d transition metals and concludes 
that very little Infoi-mtion about the conduction band density of states 
can be obtained from insulators, semiconductors, and 4d transition natals. 
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To this argument Park and Houston (72) responded with results for Nb 
and Si, although the Si results were not sufficiently resolved to compare 
with the predictions of the convolution model (73)• 
In Table 1 we summarize the existing SXAPS literature for the elements 
Ca (Z » 20) through As (Z « 33) for future reference. The number at the 
top of each column gives the reference number and an "X" indicates which 
materials were studied. In several cases the spectm were not actually 
shown and only references to the woric exist. A similiar table for the W 
elements would be nearly blank and this prompted our interest in these 
materials, Nb and Mo spectra have been reported, but only using second-
harmonic detection and large modulation potentials (72). Pi was shown 
to give quite weak first-harmonic signals (15). 
In this section we discuss our Cr results primarily to demonstrate 
the success of the one-electron theory for 3d transition metals. We then 
present our results for Y, Zr, Nb, and Mo and relate our observations to 
the problem of decreased SXÂFS sensitivity to M transition metals. 
Chromium 
In Fig, 8 we show the Cr g spectra of Houston and Park (64) for 
clean and oxidized Or. The polycrystalline samples in tl^t work were 
sputter-cleaned in situ and annealed using electron beam heating. Fig. 9 
shows a Cr spectrum obtained from the stainless steel substrate used 
in our work and the Cr oxide spectrum of Fig, 8, The agreement of the two 
curves is nearly exact, both in energy and line shapes. We expect the Cr 
spectrum from our substrate to repsesent a compound of Cr, presumably 
Table 1« Stunmary of SXAPS studies for the elements Ga (Z = 20) through As (Z = 33). 
reference 
numTaer 2 3 14 l.'> 28 44 58 60 64 65 66 6? 68 69 70 71 
element 
Ca X 
Sc X 
Ti X X X 
V X 
Or X X X X 
X X X 
Fe X X X X X 
Co X 
Ni X X X X X X 
Cu X X 
Zn 
Ga X 
Ge (see r<îf . 16) 
As X 
XX X X 
X XX X 
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Figure 9, A comiarison of our results for the ^ excita-tions of 
Cr in stainless steel with ths spectrum for oxidized Cr 
(ref. 64) 
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GrgO^ (60), although such good agreement in the line shape between our data 
from stainless steel, and that from oxidized polycrystalline Cr, is prob­
ably coincidental, since changes in the Or peak-height ratio were 
observed when stainless steel was heat treated (60). In our work also, the 
peak-height ratio varied from 1.1 to 1.3 for the Cr spectra obtained 
prior to sample evaporation for each cycle. The same substrate was used 
repeatedly and was chemically etched prior to loading. However, for every 
cycle the zero crossing of the Cr peak was at the same energy, 580,0 eV, 
so that after some time, a scan of this line was often used to confirm the 
proper calibration of the instrument. 
It should be mentioned here that all the initial chart recorder energy 
scales have been shifted to correct for the filament work function (4.5 eV) 
and the thermal spread of the incident electrons (2kT % O.5 eV), Thus 
a total of 5,0 eV have been added to all the energy scales of recorded 
data. A value of 2kT was also used to correct the original data of ref. 64 
presented here in Figs, 8, 9» and 10. 
Ifeving established the agreement of our data with those of Houston and 
Park for the oxide of Cr, we now look at their Cr results in terms of the 
one-electron theory. Pig. 10 shows the results (64) for clean Cr along 
with the calculated spectra; using the absorption coefficient data of 
Fischer (74) and our Eg, (20) for the one-electron model. We have neg­
lected the bremsstrahlung term in this calculation. Also shown in the 
figure is the derivative of the absorption coefficient. The latter has 
been convoluted with a gaussian of one eV half-width to represent SXAPS 
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broadening. This broadening removes some fine structure in the main peaks, 
which, in the unbroadened derivative, is about 0.5 to 1,0 eV in width. 
Prom Fig. 10 we see that both curves predict the observed splitting 
of the and Lg peaks, but neither one gives the correct position of the 
peaks. The convolution model gives a peak-height ratio of 0.88 compared 
to the value of about unity for SXAPS. The dip between the peaks is quite 
shallow in the convolution model. The derivative of the absorption coeffi­
cient on the other hand gives the observed negative peaks but predicts a 
peak-height ratio of about 1.9, in fair agreement with the expected ratio 
based on the statistical weighting of 2j + 1 for each level. For 
and 2p^yg this ratio is 2. Houston and Park (68) have commented on the 
departure from this value for the SXAPS intensity ratios. They observed 
the statistical value of 2 for the peak-height ratio when detecting the 
Auger electron current from the electron bombarded sample, and a ratio of 
nearly unity for the x-ray fluorescence (SAXPS) of the clean material. 
They concluded that the excitation of these levels foliowi» lliè statistical 
2j + 1 weighting, but that the bole is twice as liksly to decay 
radiatively as is the 2p^yg hole. This eould also explain the different 
intensity ratios for SXAPS and da/dE in Fig. 10 
Consider now the function shown in Fig. 11, which represents a model 
density of states in Or. Ws have a sharply peaked function, representing 
a narrow band of empty d states, on top of a brmd, increasing function 
which represents the s-p conduction band. We have ignored the filled d 
states, which would appear as a second sharp feature below Ep, sines they 
are not involved in the convolution. Pig. 11 also shows the self-eonvol-
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ut ion of the empty part of this model density of states amd the derivative 
of the convolution as described by the one-electron theory. We expect this 
line shape for the SXAPS spectrum of a core-level excitation in a transition 
metal with a half-filled d band. We see that the width of the positive 
derivative peak resembles the width of the empty density of states. The 
line shape is asymmetric, having reduced negative intensity due to the 
contribution of the conduction band. Finally, the zero level, or back­
ground, is higher after the main feature due to the conduction band con­
tribution. Some of these features are present in the spectra of Figs. 8, 
9, and 10. 
Comparing the two curves of Fig. 8, we see first, that the Ly'Lg 
peak-height ratio changes from unity for the clean material to about 1.25 
for the oxide. Also, the line shape for the oxide spectrum appears more 
symmetric, having larger negative peaks. The width at half-maximum in­
creases from 2.5 eV for the clean Cr to about 3.3 eV for the oxide. Fin­
ally, the peak is shifted about 1.7 eV to higher binding energy in the 
oxide while the corresponding Lg shift is about i,2 eV, Since SXAPS is 
sensitive only to the surface atomic layers we expect that these changes 
can be explained in terms of changes in the chemical environment due to 
oxidation= 
Upon forming the oxide, CrgO^, the Cr ion becoBies trivalent, giving 
up three electrons. This transfer of charge to the oxygen ions means that 
the inner Cr core levels experience reduced cuter screening and their 
wavefunctions are contracted somewhat. There is a corresponding increase 
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in the binding energy and this chemical shift my te slightly greater for 
the (Lg) than for the (Lg) core electrons since the latter are 
partially screened by the former. This difference could explain the un­
equal chemical shifts of the two core levels and, at the same time, mans 
that the overlap of the two features increases which would cause an in­
crease in the peak-height Kitio as is observed. In forming the oxide, 
the local density of states will also be changed. We expect the number of 
d-symmetry states above to increase, and a band gap is formed which, 
depending on the localized nature of the d orbitals, will reduce the amount 
of s-d mixing. The increased d-symmetry above Ep could be responsible for 
the increased width of the oxide spectrum in Pig. 8, while a reduction of 
the conduction-band mixing could explain the more symnetric negative peaks 
as discussed earlier in connection with Fig. 11. The introduction of a 
band gap may also cause an apparent chemical shift to larger binding ener­
gies as explained later in our discussion of insulators. 
We turn now to a discussion of the various model calculations shown 
in Fig. 10. The substitution of the absorption coefficient for the true 
density of states could be the cause of thé reduced negative peak in the 
convolution result of Fig. 10. The features of SXA are of about the same 
width as the SXAPS features using the threshold-to-zero-erossing distance. 
Yet the SXAPS spectrum has a negative peak which implies that, in the con­
volution model, the function Involved must be somewhat more narrow than <k. 
As mentioned earlier, SXA œeasuses the s suid d partial density of states. 
For the data used here (74) the resolution was about 0.8 eV, coipaiable to 
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the SXAPS data, although no correction was made to remove instrumental 
broadening. It is possible then tiat the density of states measured in 
SXAPS is in fact narrower than that measured by SXA or, in other words, 
SXAPS my be measuring only the d-like density of states. This strongly 
conflicts with the notions of the one-electron model, since electron scat­
tering should not adhere to such strict selection reles. This discrepancy 
between theory auid experiment is not yet understood. 
Turning now to the peak positions of the various models, we see in 
Fig, 10 that the SXAPS peaks lie between the other two and somewhat closer 
to the d«/dE peaks. Part of this may again be attributed to broadening of 
the curves since a broadened SXA curve may shift the do</dE peak to lower 
energy. At the same time, however, removal of potential-modulation broad­
ening will shift the SXAPS curve to higher energy. The data of Figs, 8, 9» 
and 10 were recorded with 1.0 Vpp which is probably less than the d band 
width, and consequently quite reliable data are obtained based on the cal­
culations of Fig. 6, The models, in spite of their shortcomings, give peaks 
within 1,5 eV of the observed peaks, which is perhaps the strongest argu­
ment in their favor. 
We must remember in addition that SXA is a probe of the bulk material 
whereas SXAIS prOues the SurfacG, Houston et al. (6?) heve sy^^ested that 
due to reduced coordination at a surface, the binding energy of a surface 
core level may be shifted about one eV to lower energy, Andersson et al. 
(#) have expressed concern about the accuracy of this theory based on their 
studies of 0 chemisorption on Ni, Perhaps the problem is merely one of 
63 
determining what part of the SXAPS line shape gives the core binding 
eneijgy, Webb and Williams (58) have compared XPS results with SXAPS data 
for Fe and Ni. In XPS, the core-level line shape is measured, the peak of 
which determines the binding energy. We have so far assumed that the core 
line shape is represented by a delta function so the SXAPS binding energy 
will correspond to the threshold of our structure. This is often (3) de­
termined by the intersection of a straight-line-approximation to the slope 
with the base line. Such determinations are consistently lower than the 
XPS values. On the other hand, if the increase of the density of states is 
very sharp at Ep, simulating a step function, the derivative of the core 
line shape will be measured and the SXAPS zero-crossing will determine the 
core binding energy. The correct binding energy will of course be some­
where between these two extremes. Webb and Williams (58) suggest that the 
core-state line shape is involved in SXAPS since the derivative of XPS data 
agrees quite well with SXAPS data for Fe and Ni in the threshold region. 
Since SXA is also a bulk probe, it should, according to the reduced» 
coordination theory, yield binding eneigies slightly larger than those 
measured in SXAES. It also will include core line shape broadenixig. These 
arguments favor the convolution-model spectrum more than the d«/dB curve 
since the former has a higher threshold, 
In summzy, the SXAPS data of the Or can be qualitatively 
predicted using either the self-convolution model with the absorption 
coefficient, or the derivative, d«/dE, of the abso^tion coefficient. The 
peak positions are in fair agreement, however,the line shapes are not well 
predicted by either model. The selection rules and bulk sensitivity in­
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herent to SXA seem to play a secondary role when predicting the SXAPS 
spectra for Or, It is quite likely that the models used here would be 
just as successful for all the 3d transition metals since the SXAPS spectra 
for these materials are quite similar. 
Yttrium 
Yttrium, the first of the M transition metals, was studied for several 
reasons. First, the soft x-ray absorption data for Y are somewhat limited, 
and it was felt that, in light of the possible connection between SXA and 
SXAK, a study of Y films in ultrahigh vacuum îîould bs useful. Second* in 
connection with the SXAPS results for La, to be discussed later, a study of 
Y would provide an interesting comparison since the outer electronic con­
figuration of Y is similar to that of La with the exception of the low-
lying 4f states in La, Finally, previous SXAPS work on the 4d transition 
metals, as discussed earlier, has met with limited success due to low sig­
nal strengths relative to those Df 3d metals. This is not predicted by the 
one-electron theory as developed earlier since both 4d and 3d metals have 
large densities of unfilled states at Ep, which should lead to compamble 
signal strengths. 
The Y data were obtained prinarily from films evaporated at a pressure 
of ^ 10"" Torr using a W basket. The spectia were recorded within 15 
minutes after evaporation at a pressure of about 6 x lO"^ Torr. Pig. 12 
shows the region corresponding to excitation of the 3p^yg and ^p^y^ 
core states, and Fig. 13 shows the ^  ^ spectrum corresponding to the 
and 3d^y2 excitations. The ^ spectrum was obtained with a modulation 
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voltage of 1.0 and an emission current density of 0,35 x 10 ^  A/cm^, 
while the ^ spectrum was obtained with 0,5 and 0.7 x lO"^ A/cm^. 
Thus, since the signals scale approximately with the emission current and 
the modulation voltage, the two spectra have about equal intensity. This 
is unexpected if the selection rules for dipole transitions were to apply, 
since the empty density of states is predominantly d-like. It indicates 
that the 3d transition has about the same strength as the 3p ^ 
transition. Both transitions are much weaker however than the 2p -* 3d 
transitions of the 3d transition metals. Since the % and 4d elements of 
each periodic group have similar densities of empty states at the dif­
ference in measured intensities must represent a matrix element effect, not 
considered by the models of Chapter II. This wxll be discussed in more 
detail below. 
In Figs, 12 and 13 the vertical arrows nark the atomic core-level 
binding energies (75)• The vertical dashed lines mark our observed thresh­
olds. In Fig, 12 the observed, thresholds are at 296,0 and 307.0 cV fcr 
3p^y2 ^^1/2 the ^ spectrum a sharp threshold is 
observed at about 157.5 eV, in agreement with the -tomic binding ener­
gy. The shoulder at 161,5 eV is followed by a strong peak at 165.2 eV, 
One might associate this latter peak with the excitation; however 
the evidence is strongly against such an interpretation. First, the XPS 
data (57) do not resolve the Ji. splitting although the resolution there 
(~ 2,7 eV) is somewhat worse than ours ( ~ 1,0 eV). Second, the spin-
orbit splitting based on these two thresholds would be ({-,0 eV, mch larger 
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than the tabulated value of 2.2 eV (75), Finally, and perhaps most im­
portant, as shown in Fig, 1^, the shoulders in both the and ^ spectra 
nearly coincide when the data are plotted as a function of energy above 
the threshold, E^,. All of this suggests that the peak at 165.2 eV my 
correspond to a denslty-of-states feature a few eV above Ep. 
In a study of the alkaline-earth metals, Ca and Sr, Kanskl (28) ob­
served a line shape similar to cur ^  ^ speetrua for the Ca and ^ 
Sr core excitations. Using the one-electron theory, he points out that 
this extra peak above threshold can be attributed to transitions into the 
empty d bands above Ep. The top curve in Pig, 14 shows the spectrum 
of Sr measured by Kanskl. The spin-orbit splitting is resolved, giving 
rise to the two step-like features. The main peak occurs about 6 eV above 
threshold. Exposure to oxygen produced no changes in these results and no 
aging effects were observed. 
For Y the situation is not as clearly defined. As shown in Fig. 14, 
the 2 spectrum has only a hint of structure at the proper spin-orbit 
interval and, considering the noise level as IMlcated by the vertical tar, 
the weak structure at 160 eV cannot be taken too seriously. The sain peak 
is about 7.7 eV above threshold. It is not clear why we do not resolve 
the splri-orMit splitting for Y ( ~2.2 eV) while the Sr splitting ( *^-9 eV) 
is well resolvsd. It does not appear to be due to instrumental limitations, 
since sharper features were observed for aged Y films as discussed below. 
One possible explanation is that the combination of flnal-ai&te interactions 
together with the extra 4d electron in Y Is sufficient to smear out the two 
thresholds. 
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To "better understand the observed Y line shapes we return to the self-
convolution model. In Fig, 15 we show a model density of states similar to 
that used for Cr, but with the empty d band peak about 3 eV above Ep, and 
we ignore completely the splitting of this d band for sinçlicity. We see 
that the derivative of the self-convolution (solid curve) now contains a 
weak peak at the position of the density of states maximum, followed by 
a stronger peak at higher energy. The first peak corresponds physically 
to the case when one electron is eidded to the localized d states while the 
stronger peak corresponds to both the excited core electron and the in­
cident electron occupying d states. 
With this model in mind, we return to the spectra of Fig. 14 and con­
sider the excitation which is free of overlapping structure. Apart from 
the absence of a lai^e negative peak, this line shape, using the self-
convolution model, indicates a density of states maximum about 4 eV above 
Bp. This gives rise to the shoulder at 4 eV, followed by the maximum at 
6.5 eV above threshold. The 1^ ^  spectrum is more difficult to interpret 
due to the presence of overlapping core excitations, but it suggests that 
the d band maximum is shifted slightly to higher energy. This shift prob­
ably results from final-state interactions between the core hole and the 
excited states. The creat-ed core hole alters the d band density of 
states because the effective nuclear charge is Increased. Since the 3p 
electrons screen the 4d. states more effectively than do the 3d electrons, 
the created 3p core hole results in a more positive effective nuclear 
charge, causing greater contraction of the 4d wavefunctions. Optical 
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transmission measurements on thin Y films show a normal absorption band at 
5.6 eV (76) which may be due to the empty d states above Ep. It is not 
known whether the absence of a core hole in the optical excitations is 
sufficient to explain this 1.5 eV shift to higher energy. 
Characteristic energy loss measurements also have shown a peak at 
4.0 eV which is interpreted as due to a surface plasmon (77). A bulk 
plasffion in Y is observed at 12 A eV. Plasmon excitations have been ob­
served by SXAPS for the K excitations of some light elements such as C 
and B (12, 13) and possibly for the « excitations of Be, Mg, and A1 
(4, 5» 28). Very little has been said about the evidence of plasma ex­
citations in heavier elements however. When a plasmon is excited by the 
incoming electron in SXAPS, we expect secondary structure at integral 
multiples of the plasma energy above the main peak. A surface plasma 
excitation of 4 eV could be responsible for the observed peak in Y or 
could at least cause an enhancement of this peak structure if it is due 
to the d band density-of-states maximum. 
Returning to Figs, 12 and 13, we observe a noticeable difference in 
the agreenent of the observed thresholds with the measured atomic core 
binding energies (vertical arrows). The ^ values are in good agreement 
but the observed thresholds about 4 eV too low. As discussed 
3,2 
earlier for Cr, it is not unusual to observe lower thresholds in SXAPS. 
Here, however, the difference of 4 eV is much larger than the typical one 
eV observed for the 3d transition metals and often associated with a 
surface chemical shift. Based on the arguments of Webb and Willia:^ (58), 
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the core line shape could be contributing more in the case of the 
spectrum. On the other hand, the similarity of the line shapes in Fig. 14 
suggests that the core contribution is the same in both cases. 
The study of these structures was somewhat hindered by two unrelated 
problems. In the « region, the carbon K spectrum was observed to in-
terfere considerably in the initial evaporations. Presumably the carbon 
diffused to the surface from the stainless steel sutetiate and to a lesser 
extent originated by deposition from the hot W filament. After several 
evaporations and prolonged heating of the substrate by electron bombardment 
this became less of a problem. Carbon is still evident in Fig. 12 in the 
form of a step at 283.5 eV. To demonstrate the problem here, the g 
Y spectrum is repeated in Fig, 16 with a carbon K spectrum obtained from 
the back side of the substrate. The complex carbon spectrum has been 
studied quite thoroughly from both experimental (12, 13) and theoretical 
(78-80) standpoints. The important thing to note here is that it overlaps 
completely the region of interest for Y 3P excitations. Thus we cainnot 
absolutely rule out a carbon contribution to the ^ spectrum although 
the similarity of the line shapes in Fig. 14 suggests that the carbon only 
contributes the step at 283.5 eV in the g spectrum. 
The seoorsi problsis snccuntsred with the Y study was the changing 
background in the Mr - region. As shown in the complete spectrum of Fig. 1? 
and the expanded portion, Fig. 18, a broad feature around 135 eV made a 
determlmtion of the true  ^line shape more difficult. In addition, the 
rise at about 180 eV is not accounted for by Y transitions. The shape of 
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these features was somewhat dependent on the emission current density and 
perhaps may be due to space-charge effects. The sharp break at 157«5 eV 
was always observed at the same energy for freshly evaporated films how­
ever, and the line shape on this changing background always showed the 
shoulder discussed above. The slope of the background above 170 eV was 
dependent on the current density. 
As mentioned in the experimental discussion of Chapter III, the 
electron beam can have damaging affects on the sample, A single film 
was exposed to a current density of about 0,7 x 10"^ A/cm^ for nearly a 
full day. The results are shown in Fig. 19. The structure is now 
clearly resolved into two peaks. The threshold has not shifted much, but 
is considerably sharper. In addition, a saall bump appears at 305«5 eV, 
The Mg features repeat this sequence at the correct spin-orbit splitting, 
12,2 eV, with the notable exception that the Mg peak is not resolved as 
a doublet. Similarly, the Mi, - spectrum shows additional structure. It is 
not worthwhile to attengt an explanation of these features since the uuu-
dition of the film could not be observed. Presumably, a coabiîiation of 
of oxidation and electron beam damage are responsiule for these changes 
since a fresh evaporation of Y restored the spectra to those shown in 
Figs. 12 and 13; 
Finally we rexvœn to the discussion of signal intensity, Tracy (15) 
has commented on the low signal intensity of M metals compared to the 3d 
metals. In a study of the series Ca, Sr, and Ba, Kanski (28) could not 
obtain reliable 3P spectra for Sr, while Ga 2p excitations gave good 
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signals. In addition he reported that the Sr % excitations gave better 
signals than the 3p excitations, in agreement with our observations for Y. 
We have observed that the La 3d and core excitations give intensities 
much larger than those for the transition metals. In the latter case the 
explanation is found in the large oscillator strength for d f transitions, 
resulting from significant overlap of the 4d and 4f wavefunctions. This 
will be discussed in connection with the La data. 
Fig. 20 shows the radial portion of the Y and Sc one-electron wave-
functions (81), calculated for the neutral atons, for the core states re­
levant to this discussion. The SXAPS matrix elements will involve tran­
sitions from core levels to conduction band states. To represent such 
states by atonic functions is certainly in error but an important point 
can be made. The overlap integral for the 2p and 3d wavefunctions of Sc, 
indicated in Fig. 20, is an order of magnitude larger than that for the 3p 
and M wavefunctions of Y due to the extra nodal surfaces of the latter, 
Th« ulTfcr^ncc iii overlap chculd result In differ^rjr- nnf.T~ir 
elements which consequently modulate the amplitude predicted by the one-
electron theory. 
Low intensities are characteristic of the entire M series as indicated 
in Fig. 21. The ^ spectra of Y, Zr, Nb, and Mo were measured using 
polished polycrystals and a four-sided sample mount. The Y polycrystal 
gave even weaker signals than did the Y films studied earlier. In addition, 
no comparison could be made for the M region since the carbon signals 
were quite dominant as a result of the prior mechanical polishing. 
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The weak intensity of the W. elements can also "be explained using the 
fluorescence yield rather than the wavefunction overlap as a parameter. 
As pointed out by Tracy (15)» the fluorescence yield, of the 
metals is somewhat lower then w. for the 3d metals. From Bq. (8) we see 
2p 
that a decrease in w . means, for constant ï, a smaller change in the slope 
nl 
at threshold and thus s nailer signals for SXAPS, 
A study of the x-zays produced by the decay of the 3d core hole for 
4d transition metals showed (82) that relative to the Mg K« x-ray inten­
sities. the 4d metals had (M^N,) intensities of 30(Y), 35(Zr), 25(Nb), 
and 15(MO) per cent. Also the intensity ratio of the MJ x-ray line to the 
bremsstrahlung continuum at 4.5 keV excitation enei^y was determined to be 
120(Y), 95(21"), 90(Nb), and 95(MO). These data support the variation in 
intensity found for the SXAPS results of Fig. 21, which show a decreasing 
intensity as we go from Y to Mo, Such a tendency is also explained, of 
course, by the decreasing empty density of states above Ep. 
In Table 2 the excitation threshold values observed for the Y films 
are presented and compared to the binding energies of ref. 75. It is not 
implied here that these thresholds represent the true binding energies of 
the core levels, but rather that the onset of transitions to Ep occurs at 
this energy. The true binding energy be sosenhat higher; depending on 
the relative contribution of the core line slnpe. 
In summary, the similarity of the line shapes in Fig, 14 suggests for 
Y a density-of-states peak about 4 eV above E^, or a characteristic loss 
feature of this energy, or possibly both. The 4d elements also have an 
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Table 2. Summary of SXAPS results for Y 
\5 «3 ^2 
Threshold^ 157.5^ 296.0 307.7 
Shoulder^ 161.5 299.5 -
Peak^ 165.2 302.5 314.0 
ref. 75 157.4 
159.6 
300.3 312,4 
ref, 57 158.5 301.0 312.8 
^he values for each feature were obtained from the spectra shown in 
Pigs. 12 and 13. 
\ll energies listed are in eV. 
^3p2 i^'^®'^sity somewhat weaker than the ^ transitions of the 3d tran­
sition metals. The 3p and 3d core levels of Y yield approximately the 
same intensity signals, These last two effects are protably due to in­
tensity modulation by the transition matrix elements rather than to density-
of-states effects, 
Ag-Mn alloy 
Much of the present work was Intended to test the usefulness of SXAîS 
on materials other than pure metals. Alloys of transition metals have been 
studied previously (69, ?0) and some recent work (83) has been done on the 
m 
transition-metal dichalcogenldes, TiSe^, TlSg, and VSe^. We wora inter­
ested in the dilute Ag-Mn alloy to see if SXAPS would reveal the presence 
of the Mn local magnetic moment. 
An alloy of Ag + five per cent Mn was evaporated from a W basket onto 
the stainless steel substrate. A thick film was deposited initially to 
insure that the Mn atoms being probed were those of the alloy rather than 
those in the stainless steel. The absence of Or peafe after evaporation 
was used as a measure of good coverage. 
When Mn appears as a dilute impurity in Ag, the 3d electrons tend to 
align with their spins parallel. The spin-up and spin-down states are 
split in energy. A theory for the formation of such split, localized d 
states has been described by Anderson (8l|') and Wolff (85). For the case of 
Mn in Ag, the splitting is sufficiently large to pull half of the d states 
completely below Bp with the remaining states somewhat above Bp. The 
states are somewhat broadened due to their interaction with the noble 
metal conduction band continuum, but retain their local nature. Hence 
they are referred to as virtual bound states. 
In terms of the one-electron theory of SXAPS then, the local density 
of states near a Mn atom in the Ag mtrix, will have a peak in the density 
of empty states sonawhat above E . The SXAPS 11ns chape should then consist 
F 
of a small positive peak at the threshold for excitation to the Fermi 
level, followed by a larger positive and then negative peak as the energy 
of the excited electron passes through the virtual bound states above E . 
F 
If we assume that the virtual states are very localized, only excitations 
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of the Mti core states will have this line shape. However, if there is con­
siderable overlap with neighboring Ag atoms, the excited Ag core electrons 
may also probe the virtual bound states. 
The films were evaporated using a prepared bulk sample of five per cent 
Mn in Ag. We had no means of verifying the composition of the evaporated 
films. If was evident that Mn was present, after the heavy evaporation, 
while all traces of Cr were gone. Even with the presence of Mn, we cannot 
be certain that a dilute alloy was formed and it is possible that some clus­
tering occurred. The fUms were exposed to electron beam heating as well 
as to radiative heating due to the W filament, so that some diffusion was 
conceivable. The evaporated films studied by Hyers et al. (86) showed 
evidence of local moments so we assume that our evaporation scheme was 
capable of providing useful alloys. 
The results are shown in Fig. 22, The solid line is the L„ « excita-
tion of Mn and the dashed curve shows the results of Park and Houston (3) 
for pure Mn films. No Ag core-level excitations were detectable and only 
the Mn 2 excitations gave reliable spectra. The intensity of these 
levels also was quite low, being somewhat weaker than the Mn lines of 
stainless steel which has roughly the same Mn concentration. The spectrum 
_o 
sho^îT. here Has recorded In a vacuum of 10 Torr with 2 modulation, 
Jfr 
which probably broadened the true signal slightly, a current density of 
1.6 X 10"^ A/cm^; and a three second time constant at 12 db/octave. The 
—6 
increase in signal intensity over the background represents 0,4 x 10 V 
across a lO^A load. The curve las been normalized In the figure to have 
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approximately the background levels of the dashed curve, providing a some­
what artificial estimate of the intensity of the dilute Mn as opposed to 
the pure metal. The most noticeable difference in the figure is a shift 
of 1.5 eV to higher energy for the alloy spectrum. The thresholds were 
determined here by the intersection of a straight base line and the average 
slope, extrapolated to the base line. The ratio of to peak intensity 
is 1.39 for the pure metal and 1,13 for the alloy, where peak intensity is 
measured for both and from the base line. It appears that the Lg 
peak is sitting on a higher background for the alloy, and a correction for 
this is made by approximating an base line at half of the difference 
between the base line and the final background level. Doing this gives 
ratios of 1,6 for the alloy and the metal. The minimum after each 
peak appears shallower for the alloy. Also, although the peak separation 
is the same for both spectra, the threshold for Lg appears to be better 
resolved for the alloy. These differences in line shape may be explained 
by the convolution model if the contribution from the conduction band den­
sity of states is greater for the alloy. This is expected based on a free 
electron-like conduction band, since, for the alloy, the virtual states 
above E would sit on a larger conduction band. The better resolution at 
the T.- th3«shold could be explained it the threshold for excitation to EL 
^ r 
were providing a shoulder at the pure metal threshold. Such a step is not 
observed for the structure in this case. 
Looking at other aieasurements of the dilute Ag=Mn system provides 
some input for our interpretation. The reflection and transmission of 
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thin evaporated films (86) show two snail bumps "below the Ag d "band 
threshold which occurs at about 4 eV. These two features correspond to 
transitions from the occupied Mn d states to Bp and to transitions from 
E to the empty virtual states. One peak, at 3 eV, is relatively station-
F 
ary for concentrations up to 15 per cent Mn, The other peak moves from 
1.6 to 2.0 eV for five to 15 per cent Steel and Treheme (8?) ob­
served just the opposite direction of motion with increasing concentration 
for the low energy feature using an ellipsometric method on bulk specimens 
rather than films. The total splitting is thus on the order of five eV. 
Photoemission measurements are sensitive to the occupied Mn d states below 
Ep but cannot probe the upper states due to the limitations imposed by the 
alloy work function. A peak is observed (88, 89) at 3.0 eV below Ep. It 
has a 2 eV width at half-maximum and seems to contribute to the distribu­
tion curves over a range of 3.5 eV (90), Consequently the remaining peak 
in the optical data, centered near 2 eV, must represent the transitions 
from E„ to the virtual states, since it was not posslole lo «lèterains 
r 
the composition of our alloy after evaporation, nor «as it possible for 
the films studied optically (86), we cannot look for better agreeasnts 
A final consideration increases the conçlexity of the analysis. We 
have assumed that only the 3d states of îti aEe affected and that the 
binding energy of the Mn 2p core levels was that of the metal. This is 
obviously a bad assumption in light of the earlier discussion of chemical 
shifts, be they due to oxidation or reduced surface coordination0 Further­
more, the effect of the noble metal host on the core levais connot be 
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ruled out. All or soma of these effects could account completely for the 
1,5 eV shift of the threshold. It thus appears that better sensitivity is 
needed for this system so that the step at the threshold for excitation 
to Ep can be observed, if it exists, The position of the d-states pealc 
with respect to this threshold is a more meaningful SXAPS parameter ttan 
the overall shift of the line shape. It is for this reason that we feel 
the Ag-Mn results are inconclusive. 
Rare Earths 
As mentioned earlier, our Initial motivation for constructing the 
appearance potential spectrometer was to study La metal in the hope of 
locating the position of the empty 4f levels relative to the Fermi energy. 
The rare earths are unique in that the 4f levels being filled are quite 
well shielded from the chemical environment by the electrons in the n = 5 
and n = 6 shells (91). Consequently, the entire row is characterized for 
the most Tiart by ccirùscn physical and chemical properties, one of which is 
their rapid formation of an oxide. To a surface sensitive technique, such 
as SXAPS, this is of major importance. Consequently, vacuum pressures in 
the low 10*"^Torx range are required to maintain oxide-free surfaces. In 
general, only photoemission systems have been capable of achieving such 
vacuums since most other techniques require monochrometers or x-ray sources 
which tend to limit operating pressures to the 10 Torr range or higher. 
The possibilty of oxidation must then be considered for most of the avail­
able metallic rare earth data. Furthermore, since ultrahigh vacuums require 
that the system be baked, considerable problems can arise with the more 
90 
volatile raie earths such as Yb and Tm (92), which may sublime at normal 
bakeout temperatures below lO"^ Torr, Thus a compromise between low 
vacuum pressures and preservation of the évaporant must be reached. Such 
was the case for the Yb results presented here. 
Appearance potential spectra have been obtained for several of the 
rare earths and we summarize these studies in Table 3, The numbers in 
each column give the reference, We make the distinction here between m-
terials studied in pure metallic form and those studied as impurities in 
an alloy, We have also indicated the materials studied in our work. 
It is apparent that the elements of Table 3 consist primarily of the light 
lanthanides. This is not unexpected since the heavy lanthanides give 
weaker signals due to the filling of the kî states. In addition, the 
resolution of SXAPS is not sufficient to reveal all the fine structure 
which results for the intemsdiate lanthanide 4d core excitations. It 
will be seen, however, that even the gross features have not been suf­
ficiently well interpreted. 
Lanthanum 
We studied the SXAPS of La from 0 to 1400 eV, The films were eva­
porated from a W basket onto a stainless steel substrate with the pressure 
during evaporation below 1 x lO"' Torr. Typlc-allyp the pressure dropped 
into the mid-10~^^ Torr range immediately after evaporation and all runs 
reported here as clean La were recorded within 15 minutes after evaporation. 
The spectra were reproducible for several hours after evaporation. The 
évaporant was electropolished just prior to loading in the system. An 
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Table 3» Suniiary of SXAPS studies of the lare earths 
reference this 
number 7 8 9 11 16 28 41 42 work 
element 
La X X 0 X 
Ce 0 X 
Pr 0 X 
Nd 0 0 
Pm 
Sm X 0 X X X 
Bu 
Gd X 0 
Tb 
Dy 
Ho 
Er OX 
Tm 
Tb X 
Lu 
^ = pure metal material studied* 
^0 = alloy mterial studied. 
earlier analysis of the La by a spark source mss spectrometer revealed 
that the highest impurity levels were due to Pr (15 ppm) and Gd (10 ppm). 
In Pig. 23 we show the firat-harmonic spectrum of La from 0 to 1400 eV, 
-3 / 2 
recorded with an emission current density of 2.8 x 10 A/cm at 1200 V, 
0.75 modulation potential, and a one second time constant. The low 
energy region is characterized by a sloping bacl^ground, due for the most 
La 
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Figtire 23. SXAPS results for la from 0 to 1400 eV 
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part to space-charge limited electron beam currents. For example, at 
130 eV the current density was 1 x 10"^ A/cm^, down by a factor of three 
from the saturation value at 1400 V. Consequently the true spectrum in 
this space-charge region is somewhat distorted. A correction for this will 
be made later and, for the time being, it is sufficient to note that the 
peak positions are not shifted by this correction. In Fig, 23, the ver­
tical arrows indicate the approximate atomic binding energies of the La, 
oxygen, and carbon core levels (75). It will be noted that very little 
carbon is present and no oxygen was detected with this sensitivity, even 
though the film was nearly two hours old and the pressure, due to electron 
_q 
beam heating, had risen to 1 x 10 ^ Torr by the end of this 35 minute scan. 
The relative intensity of the various core-level excitations is 
striking. The strongest signals are obtained for the transitions involving 
d-symmetry core states at 100 eV (4d —> 4f; _) and 830 eV (3d 4f; 
^), where we assume that the density of empty states is predominantly 
f-like. The next strongest excitations are the g g ^hich in­
volve p-symnetry core states, and finally the and excitations which 
involve s-symnetry core states. Harte et al. (8) interpret this as evi­
dence for a dipole selection rule in La and the other rare earths. This 
is somewhat disturbing since the incident electron is represented by a 
plane wave which contains all values of angular momentum and thus can 
satisfy conservation of angular momentum for all core excitations. As 
used so far, the one-electron theory of Eg. (20) cannot explain this inten­
sity variation since the convolution integral involves only the density of 
empty states which, neglecting final-state effects, is the same for each 
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core-level excitation. Returning to Eg. (16) however, we see two aspects 
of this theory which could account for the intensity variation. First, 
the core-state population factor, N^, gives the ground-state occupation 
numter for each core level. This decreases from 10, for the d-symmetry 
core states, to 6, for the p-symmetry core states, and 2 for the s-sym-
raetry core states. Also, the matrix element, jM'l is expected to decrease 
in iiagnitude as we go from d- to s=symnstry initial states since the over­
lap of the core-electron wavefunction with the 4f wave functions (81, 93) 
is largest for 4d core states, and somewhat less for p- and s-symnfôtry core 
states. Of course, the actual matrix elements are only roughly predicted 
by this trend, but the Coulomb interaction term will enhance the strongly 
overlapping portions most because it is largest when r^ « Fg, as seen 
from Bq, (15) • Furthermore, the relative intensity of the ^ and ^ 
excitation is deceptive in Fig. 23 for two reasons. First, proper emission 
current normalization will enhance the ^ region. Second, the spectrum 
represents a derivative of the total x=ray fluorescence yield. The total 
yield is more relevant for discussing transition strengtb^ since there-
the integrated intensity represents the total yield for a particular core-
level excitation. If a particular core yield has an abrupt onset, the 
speotTum of Fig. 23 would show large peaks corresponding to large deriva­
tives and not necessarily larger transition strengths « At any rate. Pig. 23, 
by itself, is not sufficient evidence for a dipole selection rule. We now 
turn to a discussion of the various core-level excitations beginning with 
the g region. 
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Nj^ ^ region In Fig. 24 we show the ^region of the full La 
spectrum. The conditions were the sane as those of Pig. 23 except that a 
300 ms time constant was used to permit faster scanning. The clean film 
was ten minutes old at a pressure of 5 x Torr at the conclusion of 
this run and its spectrum is shown as the solid curve. The dashed curve 
was obtained under similar conditions at somewhat higher pressures from an 
earlier evaporation. The vertical dash narks the atomic ^ binding energy 
(75) and the arrows pointing down show the positions of XTS peaks (5?)» 
corresponding to Ep relative to the 4dg.y^ and 4d^yg core states (94). The 
arrows pointing up indicate the observed peaks in the SXA of La (94-98). 
Spectra from our first films gave results like the dashed curve. However, 
after several evaporations were performed from the same La source, the 
spectra began to change. The minuraum at 123 eV gradually filled in, even­
tually yielding the results of the upper solid curve with the new peak, 
labeled D in Fig. 24. In addition, the lower peaks were shifted to slight­
ly lower energy and developed into the doublets labeled AA' and BB'. At 
the same time the spectra of contaminants diminished so that no oxygen and 
negligible carbon were detected. 
We believe that the évaporant was the source of the contaminated ma» 
terial m+hçr than simple oxidation after deposition. To test this idea, 
a new piece of La, prepared more recently, was used. The initial évapora= 
tion again resulted in spectra like the dashed curve of Fig. 24. However 
after only two evaporations, the upper curve results were obtained. The 
material first used had been exposed to air several times over a period of 
months. Although the sample was electropolished to provide a metallic 
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luster, the bulk could have been quite contaminated. The fresh La sample, 
on the other hand, was presumably less contaminated. In presenting our 
data, we have no way of knowing that the contaminated films were primairily 
oxide and in fact. La quite readily forms hydroxides (99). Consequently, 
whether we refer to the material as oxide or contaminated, we mean singly 
not a pure metal. 
In Fig, 24 note that the initial structure of peaks AA' and part of 
BB* lie below the XPS-determined threshold energies for and ^ d^y^ 
respectively. Also, most of the integrated intensity lies well above Ep. 
In Fig. 25 we show again the ^ results for clean La (solid curve), the 
absorption coefficient, <x, using the data of Rabe (95) (dot-dash curve), 
the derivative of «< (dotted curve), and the derivative of the self-con­
volution of « (dashed curve). The latter should resemble the SXAPS spec­
trum as described by the one-electron model used earlier. The failure of 
this model is evident in Fig. 25 since none of the main features of the 
^ region are satisfactorily predicted, We have previously reported this 
discrepancy (100) and the discussion here will expand on that report. 
We note that d«/dE peaks in good agreement with the nain peak C. The 
low energy structure in do/dE is, however, about five eV below the corres­
ponding peaks in the SXAPS curve. Also^  there seems to be corresponding 
structure in dc/dE for peak E, shifted to slightly higher energies. 
To a large extent we can explain for La the breakdown of the self con­
volution model and the partial resemblance of the do/dE curve. For most of 
the rare earths (9^-98, 101) the SXA data show several snail, very sharp 
lines below the expected M. excitation threshold, and a very broad band, 
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some 10 to 20 eV wide, above threshold. These results have been inter­
preted (91, 102-104) as being due to a dipole transition of the type 
4d^\f^ -> . Several arguments (9I) support this assignment. The 
one-electron wave function for the lowest energy 4f orbital of la (93) is 
bound inside the centrifugal potential barrier and greatly overlaps the 
4d wave function. Since the higher energy f orbitals are not bound by 
this barrier, most of the absorption strength from the Ud shell will go 
into transitions to the 4f shell. Second, because of the large overlap of 
the kà and 4f wave functions, the exchange interaction between the 4d core 
vacancy and the 4f^^^ configuration is strong. This interaction splits 
the final state configuration into a multiplet spreeid over 20 eV. Some of 
the levels are pushed below the ionization threshold while others are pushed 
far above it. Most of the d to f oscillator strength goes into the latter 
terms of the configuration which then autoionize to the configuration 
9 N 
M 4f &f, where ef is a continuum state. The strength of the broad peak 
above threshold is observed to decrease as the 4f shell fills from La 
(Z«57) to Lu (Z=?l) (97)» This is explained by the exclusion principle for 
the available f states. A sum rule, relating the line strength to the num­
ber of 4f vacancies has also been derived (91). The number of levels 
pushsd bclcîî threshold increases to a maximum when the ^ •f shell is about 
half filled. These states are responsible for the sharp lines observed in 
SXA, mny of which are too closely spaced to be resolved by SXAPS as will 
be seen in our Ge results. Calculations based on these arguments have been 
Bade using an L-S coupling scheme for the tri-positive ior^ (102-105), 
The agreement with SXA for solids is remrkab]y good. This is pertiaps not 
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unexpected however since the relevant transitions are somewhat shielded 
from their environment by the centrifugal potential tarrier and the outer 
shells. Furthermore, studies of the rare earth compounds reveal very 
similar SXA spectra (106), and in fact, the laF^ SXAPS spectra discussed 
in this work will be seen to resemble the La metal results. 
We mention here for later reference that the same interpretation has 
been applied to the ^ transitions of La (10?). Here, however, the over­
lap between the 3d core vacancy and the 4f subshell is less and hence the 
exchange interaction weaker. The spin-orbit splitting in this case still 
dominates and the individual terras cluster about the two split levels. 
Returning now to the one-electron SXAPS model, we see that an inter­
pretation in terms of atomic-like transitions, including exchange inter­
action, rather than in terms of continuous interfcand transitions invalidates 
the assumptions on which the model is based. Matrix element effects cannot 
be neglected and the approximation <x(E) ~ N(E-^;Q) is no longer valid. It 
has been suggested (104, 108) that a similar interpretation Iw applied to 
the SXA data of transition mei&ls for the 3p -4 3d tmnsltions. Only in 
the case of Ca have these transitions been niaasured by SXAPS (28). In that 
case, the ^ spectra were considerably broader than the ^ spectra. 
The success of the self-convolution model for the 2p 3d transitions also 
indicates the secondary role of localized effects for the 2p core states 
in these metals. 
We now consider the success of the absorption coefficient derivative 
in predicting the SXAPS spectra. For high incident electron energies 
( />/ few keV) the inelastic scattering probability for electrons in a solid 
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target is often described using a dielectric description of the solid (I09). 
Here, the electron energy loss spectrum is related to the dielectric con­
stant of the Material via the loss function, Im(-l/f (q,w)), where liq is 
the momentum transferred to the solid, and h w is the energy loss, AE. 
The energy loss probability for a single scattering event is given by (IO9) 
P(ûE,©)dûEdA = (e/(Tr)iv))^ Iin(-l/t(q9u))) d/(ô^+^^) dAEd©. 
Here, D is the thickness of the thin target, and v is the velocity of the 
incident electron which is then scattered by an angle 0 into the solid 
angle dA. The parameter & is just AE/WV^. The complex dielectric con-
E 
s tant is r = C^+iCg so we have 
For small scattering angles, 0, we consider the limit of small q and 
relate £ to the optical dielectric constant, 
^ 2 
£(0,ij) ^ (n + ik) « limi£(q.c4) = 
q=jO 
In regions of strong absorption we may have n « k while away from any 
2 
strong absorption edges we have (110) k « n so that « n and 
lm(l/£(0,w)) " + €2^) « 2k/n^ = c/(n^w) «(kw), 
and 
3 
lim^?(ôE,©) « l/(n6E) ^(ME). 
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With these assumptions we have the result that the prolability for electron 
energy loss due to inelastic scattering is proportional to the absorption 
coefficient. The SXAPS technique measures the derivative of this probabil­
ity and thus da/dE. 
This development has nany weak points which need to be mentioned. 
Principally, we have neglected the presence of the incident electron which 
is lart of the final-state configuration in SXAPS, but leaves the solid in 
the energy loss measurements. We have also neglected final-state inter­
actions although these will be partially included through O((E). These prob­
lems will be discussed below. There are also problems with the approxima­
tions for £(q, u)). First, this description will break down at low energies 
•when large angle scattering beconKs important and the assumption of q-j 0 
breaks down (25). Also, at low energies we may have strong absorption so 
that the assumption k « n breaks down. At higher energies this is not 
usually the case though since 
k = (hc)/2(hw)<X < lO'^/lO^ ' 10^ - 0.1 
The assumption for q-^o"^ is only appropriate for direct liiterband transi­
tions and breaks down when indirect transitions are involved. 
Despite all of these approxinations, the agreement between optically 
determined loss functions and the results of energy loss measurements is 
quite good (109), even far above threshold excitation. A direct compar­
ison of « with energy loss measurements is, however, not as reliable due 
to the variation of n and k in regions of strong absorption. As a reiainder 
of this weakness we have retained the dependence on n in the above develop-
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ment. By way of example, Trebbia and Golliex (ill) have studied the elec­
tron energy losses in the range of 120 to 190 eV and small scattering angles 
for several of the rare earths. The results agree qualitatively with the 
SXk measurements (96, 97» 101) and the atomic oscillator strength calcula­
tions (102), He thus have reason to expect qualitative agreement between 
SXAPS and dc</clE. 
We are still faced, however, with the presence of the extra electron 
in SXAPS which is not present in the final-state configuration of either 
SXA or energy loss measurements. We consider the following picture. Let 
the initial state of the system consist of the N-particle crystal ground 
state and the state of the extra, or incident electron. Based on our 
earlier discussion of the localized nature of the 4d->^f excitations in 
rare earths, we assume that the final state of the system consists of the 
excited N-particle system, that is, a single excited ion in the crystal, 
plus the state of the extra electron far from that ion and not interacting 
with it. Thus the extra electron goes into an N+i-jarticle state uu » dlT-
ferent ion. We would then measure the derivative of the "electron-excited" 
absorption coefficient in sXÀPS. 
Returning to Fig, 25 we note several similarities between SXAVS and 
the dotted curve, dVdE. Both curves show the broad band present above 
threshold and peaking at 115 eV, The SXA data have two sharp peaks below 
threshold at 97.2 and 101,7 eV (95). The SXAPS data have a threshold at 
97.2 eV, and the two peaks, h' and B\ occur with the sams relative split­
ting although they are at somewhat higher energy. The secondary splitting, 
AA* and BB' is not explained by SXA results. 
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The difference between SXA and SXAPS must reflect the presence of the 
extra electron in the N+1-particle state, where we still assume a non-inter-
acting scheme, tfendin (112) has developed this two density of states model 
to explain the SXAPS results of Ba (28, 52). In that case the N+l"particle 
4f states are some 10 eV above Ep. Liefeld et al. (113) have observed a 
single peak about 5.5 eV above Ep in the continuum isochrojnat and short 
wavelength limit (SWL) spectm of la. They attribute this to a preferen­
tial scattering into 4f states above Bp. As suggested by Kanski (28) we 
use these spectra as an approximation to the N+1-particle density of states. 
3+ 9 
Then, when a particular term of the La 4d 4f configuration is excited 
with fixed energy, E^, the scattered non-interacting projectile electron 
scans through the N+1-particle density of states as E is increased. When 
its energy, E-E^j, is sufficient to penetrate the centrifugal barrier of the 
empty 4f states on the neighboring ion, there will be an increase in the 
total yield due to the preferential scattering into these states. Based 
on the isochromat measurements (113), this would occur aoout 5 eV above Ep. 
In Fig. 25 we observe a step at 97•2 eV which we interpret as the ex-
citation threshold E^ for the state (103) in agreerasnt with SXA (95) • 
This is followed by the pair of structures A and A* at 101,4 (aE = 4.2 eV) 
and 102.-? (AE » 5-5 eV). One or both of these may correspond to the prefer­
ential scattering into 4f states just nsntioned. The threshold for the 
term at 101.3 eV is obscured by peaks AA' but the peaks BB* occur at 
105.5 (AE e 4,1 eV) and i06.9 (AE « 5.6 eV) eV respectively. The symmetry 
of AA' and BB' seems to rule out the possibility that k corresponds to 
3 3 for the term, although a threshold in this region, similar to the one 
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at 97,2 eV, may be responsible for the reduced resolution of A and A*. 
These results are summarized in Table 4. 
In the contaminated film spectrum of Fig, 24, the two low energy 
peaks are observed without splitting. The threshold has shifted to higher 
energy, 98.3 eV, and two peaks occur at 102.9 eV (ûE = 4.7 eV) and IO7.6 eV. 
The main peak, C, is considerably sharper in this case. Nilsson et al. (52) 
attribute a similar narrowing for the case of Ba to the loss of outer 
charges to oxygen atoms. For LagO^, charge from the 6s and 5d shells is 
lost so that the conduction band screening of the 4d vacancy is reduced. 
The 4d and 4f orbitals see a stronger potential and shift inward. This 
corresponds to an increase in binding energy but at the same time the kf 
states are moved closer to the continuum at Ep. Thus the increasing energy 
shift of the Ni. - threshold is more than that of the resonance position, 
^9 J 1 
which then appears sharper. We see in Fig, 24 that the minimum following 
peak B occurs about 1 eV higher for the oxide while the main peak G appears 
not to have shifted at all. The loss of transition strength above G re= 
fleets the loss of conduction band channels for the autoionissation of the 
i 
resonance. 
As a test of the above, non-interacting picture we show in Fig. 26 
the convolution of with the StfL spectrum using the data of Babe (95) 
and Liefeld et al, (113) respectively. As ex|«cted, the two low energy 
peaks are reproduced without the fine structure. The surprising result is 
the shift of the main peak into agreeisent with cur psak D rather tian peak 
C. It becomes apparent that the non-interacting model works well only 
below threshold. Since the nain peak, G, is predicted by d«/clE, we arrive 
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Table 4. Summoiy of results for the la ^ spectrum 
SXA®-
peaks (eV) 
d«/dE^ 
peaks (eV) 
SXAPS 
peaks (eV) SXA 
ûE^, 
dof/dE 
97.2 97.0 97.2° 
A 101.4 
A' 102.7 
0 
4.2 
0.2 
4.4 
101.3 101.0 
B 105.5 
B» 106.9 
4.2 
5.6 
4.5 
5.9 
117.5 115.2 c 115.0 
D 120.5 
-2.5 
3.0 
-0.2 
5.3 
132.5 E 127,3 - -5.2 
^Using the data from ref. 95o 
^he aE values are the differences between the SXAPS values and the 
SKA, and da/dE values respectively. 
'^This is a threshold value. All the other SXAPS values are peak 
positions. 
at the following picture for the non-interacting scheme. Below threshold, 
the bound state terms of the configuration have fixed energy, E^, and the 
scattered electron carries off the excess energy scanning the N+1-
particle density of states. Above threshold, the transition strength is 
almost exclusively in the resonance. The excess energy is carried off, 
not by the scattered incident electron, tut by the excited core electron, 
as in SXA, in the excitation to the 4d 4^f configuration which tlien auto^  
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Figure 26, Comparison of the La ^ SXAPS spectrum with the two density 
of states model calculation 
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ionizes to the configuration. This virtual, non-energy-conserving 
process is characteristic of the autoionization process (114), The peak D 
could then be a replica of the m in peak, 0, resulting from the re­
sonance, On the other hand, no replica similar to peak D is found in the 
Ge ^ spectra. This will be discussed later. Other explanations have 
also been offered for the La ^ structure (9). 
To complete the picture we must also consider the case when the pro­
jectile electron interacts with the excited ion configuration. The two 
density of states model is no longer appropriate and we must consider the 
final-state configuration 4d^4f^, Chamberlain and :^un (?) interpret the 
^ Sm SXAPS using an interacting picture which is more appropriate to 
excitation of the 3d shell and will be discussed witii the La ^ results, 
g 2 * 
The configuration 4d 4f is what we expect for the excited tri-positive 
Ce ion in the non-interacting scheme. However, the Ge SXA shows much more 
structure below threshold than is observed for La. The atomic calculations 
(102, 104) for Ce also predict this additional fine structure, Wendin (112) 
showed that the addition of an extra 4f electron to a neutral Ba atom in 
9 the 4d 4f configuration caused the maximum in the 3d-ef radial overlap to 
shift downward approximately 2 eV toward the threshold. This may be a less 
appropriate ccnsider2,ticn when the exci«nge interaction is stronger, namely 
in the 4d region. On the other hand, for la the nuclear charge is one less 
than for Ce so that even with the exchange interaction the number of multi­
plet terns pulled below threshold could be reduced. We suggest that the 
splitting AA' and BB» nay be explained by the interacting scheme, and our 
Ge results will show even stronger evidence for this interpretation. The 
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splitting does not appear to te due to a mixture of pure metal and oxide 
since the splitting appears simultaneously with the filling in of the high 
energy minimum of Fig. 24. Also, the relative intensity of the two com­
ponents is always the same, and the peaks for the oxide are shifted to 
about 0.5 eV higher energy. If Wendin's scheme is applied to La we would 
expect to obtain a spectral shift of 1,4 eV to lower energy for the nega-
9 2 tive La ion in the configuration M 4f . Peaks A and B would correspond 
then to the interacting case while A* and B* belong to the non-interacting 
case. 
In Chapter III it was stated that the geometry during evaporation was 
such that some contamination of the photocathode could occur. This effect 
was later reduced by using a more restrictive mask which allowed deposition 
only in the center of the substrate. Then the substrate completely pre­
vented direct access by the évaporant into the detector. However, during 
the La runs shown here, this was not the case. To confirm that the extra 
peaks A and B were not due to se3Lf-absorption effects by La on the photo-
cathode, the entire system was disassembled and chemically etched clean, 
A new photocathode was constructed and freshly prepared La was electro-
polished and loaded immediately into the system. The first evaporation 
yielded spectra identical to the contaminated spectrum of Fig. 24. For 
the second evaporation, asymmetry was evident already on the low side of 
A' and B'. For the third evaporation, the peaks A and B were clearly re­
solved from A' and B' and the high energy region had filled in as the min 
peak C broadened. We are thus confident that self-absorption due to de­
tector contamination cannot be the cause of the observed splitting. 
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It was mentioned earlier that the ^ spectra were somewhat distorted 
due to the non-constant emission current in the space-charge region. It 
seems a good approximation to say that the total yield, Y, is related to 
the total photocurrent, S, by 
Y(B) = S(B)/l^jE), 
where I is the emission current at a given energy. In the experiment we 
em 
measure dS/dE and I(E). NOW we have 
1 S 
dY/dE = ip— (dS/dE) - y ^ (dl^^ /dE). 
-em 
By fitting a curve to the emission current readings and integrating the 
measured spectrum (dS/dE) to obtain S(E); we can compute a corrected spec­
trum, An uncertainty in this method is the constant of integration for S(E) 
which would represent an additional term to be subtracted. We lave assumed 
this constant to be zero here. In Fig. 2? we show the measured spectrum 
foT- niean Ta, (oiished line) and the current-norsali^ed spectrum (solid line) 
using the above equation. As expected, the main effect is to give addition­
al weight to the low energy region where the original current was smaller. 
We note that the high energy region still remains positive, due to the 
background emission of bremsstrahlung. Also, none of the major peak posi­
tions have been shifted. In this curve, the emission current changed from 
2 rA at 95 eV to 3,^ hA at 140 eV, No such correction is necessary for 
the Mju g, spectrum which, at 800 eV, is well beyond the space=charge region. 
Finally, for the K ^ region, we present, in Table 5» & summry of 
^9 J 
existing data for the La H, _ region, The references ai% listed across the 
Ill 
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Figure 2?. Comparison of the measured La ^ spectrum with the emission-
current normalized spectrum * 
Table 5. Sunimry of some existing data for the La core excitations. 
All data represent peak positions (eV) unless otherwise noted-
Experiment ATOMIC XPS XPS EMI^ SXA SXA SXA 
Reference 75 57, 94 115 116 94, 98 96 , 97 95 
Spectral 
designation 
N5O3 78.5 
80.0 
% 81.2 
satellite 90,0 
\ 97.3 97.4 97.3 97.2 
\ 101.7 101.8 101.6 101.7 
4<i$/2 98.9 102.8 103.7 
w 
? 
? 
? 
f 
103.7 103.7 104 
9S.9 105.5 106:6 
?b 
/ui . 
3/2 
N' 
115 118 117 117.5 
199 
143 
159 
124.5 
135 137 133 
^Soft x-ray emission. 
Unidentified peaks. 
®T = Threshold. 
113 
Theory Theory Theory Theory APS APS APS APS 
102 103 lO^f 105 11 9 our work our work 
(oxide) 
97.2 97.1 98.4 96 (T)° 97.5 (T) 97.2 (T) 98.2 (T) 
101.3 lohl 101.3 103.8 
103 102.5 loii? 102.9 
10? 106.8 105.5 106.9 107.6 
117.0 115.3 117.7 121.2 116 115 115 115.3 
119.9 123 121 120.5 
127.8 
138.8 
130.5 
140 
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top with the type of measurement. Where possible, the data have been ar­
ranged to demonstrate the relationship between techniques. Only a brief 
comment will be made here regarding these measurements. 
The XPS technique measures the core line shape as determined by the 
escaping core electron. It thus determines E relative to these levels 
and does not see the same final-state-interaction effects. There is a 
one eV discrepancy between ref, 57 and ref, 115, Both measurements indi­
cate a spin-orbit splitting of about 2.8 eV, The SXA data have already 
been discussed. The only disagreement appears on the high energy side of 
the peak. Some of these weak structures may be attributed to sample 
contamination. 
The columns headed "Theory" give the atomic calculations for SXA re­
sults . For the APS results the notation [corresponds to the peaks 
AA*, and so on for peaks B and G as noted. We rule out the possibility of 
Ce impurities for our peak D at 120.5 eV but cannot rule out the possibility 
that peaks D and E result from the final-state configuration 4d'4f in La 
which is a Ge-like state. As will be seen later, the main peak in the ^ 
9 2 SXAPS results for Ce occurs at 120 eV, we would expect the 4d 4f con­
figuration of La to be less bound. 
The x-Tay emission data (ll6) have an interpretation based on the SXA 
data. The coincidence of emission peaks with SXA peaks my be due to ab­
sorption and re-emission by the various multiplets as explained in the re­
ference, The higher energy emission lines are relatively strong and, sur­
prisingly, occur above the ionization threshold. They nay also be con­
nected with the broad absorption band. 
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«2^ ^ region In Pig, 28 we show an expanded plot of the ^ 
spectrum for La. The solid curve represents the clean mterial while the 
dashed line is for a contaminated surface. As before, the vertical dashed 
lines mark the atomic binding energies of the ^d^y^ and 3d^yg core states 
according to ref, 75. The arrows pointing down nark the XPS core binding 
energies (57). Note that a doublet was observed there. This has not been 
well explained and nay be due to contamination (49, 117, 118). The arrows 
pointing up mark the observed absorption peaks (119). The data of Pig. 28 
were obtained with an emission current density of about 1,0 x 10 ^  A/cm^, 
0.5 modulation amplitude, and a one second time constant, with a fresh­
ly evaporated film. The noise was about equal to the width of the drawn 
line and the full scan took five minutes. In the figure we observe struc­
ture on the low energy side of both lines and an apparent threshold at 
829.8 eV. The asymmetry in the negative portion of each feature of the 
solid curve may be due to oxidation or other contaminating surface com­
pounds. This is more evident in Pig. 29 where the negative asymmetry has 
now developed into a shoulder. Note in this figure the correspondence be­
tween the shoulder in the upper solid curve and the negative dip of the 
oxide (dashed) curve. Such a line shape can be generated using two gaus-
sia,n peaks of different relative intensities separated by one to two eV. 
Murthy and Redhead (9) observed an actual peak heie, which we believe just 
represents a larger relative concentration of oxide. We cannot state with 
absolute certainty that this structure is due to partial oxidation but the 
data support such an interpretation. The lower solid curve in Fig, 29 is 
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Figure 28. SXAPS results for the La M, region 
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Figure 29. First- and second-harmonic spectrum for the La ^ region 
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the second-harmonic spectrum, which verifies the existence of structure be­
low the main peak. In such a curve, the negative peaks should correspond 
closely to the peaks in the total yield curve. In Pig. 29 the upper solid. 
curve was obtained with 0.5 modulation amplitude, a 300 BBS time con-
- 3 / 2  8tant, and a current d.ensity of 1.8 x 10 A/cm from a 30 minute old film 
at a pressure of 1 x lo"^ Torr. These results suggest a chemical shift, 
upon oxidation, of about 1.5 eV. Again it cnist be recalled, that the curve 
labled as oxide in these figures resulted from the initial evaporation ra­
ther than from exposure to oxygen and thus may not truly represent 
but rather some other La conrpound which formed on the évaporant after the 
electropolishing and during the initial punpdown. 
Fig. 30 shows the ^ spectrum for clean La (solid line), the deriva­
tive of the absorption coefficient, o(, using the data of Bonnelle et al. 
(119), and the derivative of the self-convolution model, using a for the 
density of states. For the convolution model, the threshold level was set 
at the onset of structure in ot. Use of a slightly larger value, near the 
first peak for example, might be more reasonable but seems quite arbitsary. 
Two calculations were made, the first involving the self-convolution of « 
for the entire region, and the second, a convolution of the and re­
gions separately. This last method eliminates contributions which result 
from the mixing of the two regions and gives a much broader peak. The 
interesting thing here is that the first peak in the region does not 
change position while the second peak does. This is due to the choice of 
the low energy cutoff, that is, the threshold energy. For a peak at a 
119 
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Figure 30. Goîûïarison of SXAPS model calculations for the La ^ region 
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fixed energy B above threshold, the convolution gives two peaks, one near 
E and a second near 2E, as shown in Pig. 15« This is the case for the 
convolution in Fig. 30. The first peak for "both and in the one-elec-
tron model agrees quite well with the secondary structure on the low energy 
side of the SXAPS curve. This is also the case for d«/dE, 
We have already discussed the role of exchange in the M-»4f transi­
tions for the rare earths. Sugar (10?) has performed the aialagous calcu­
lation for the 3d core excitations. Since the exchange interaction is weak­
er here, the spin-orbit splitting still dominates. The results of the cal­
culation agree quite well with the observed photoabsorption (119) so we 
rely again on this final-state-interaction picture. 
It appears in Fig. 30 that the best agreement with do/dE would be ob= 
tained if our results were systematically 2.7 eV too high. This is unlikely, 
however, in view of our good agreement with other SXAPS results for La 
(8, 9» 11). Although absolute calibration was a problem for us, this dif­
ference is well outside our uncertainty of 0,3 eV. we observed trat the 
do/dE peaks were below SXAPS peaks for the Gr results also, and, as dis­
cussed there, this cannot be explained in terms of a surface chemical shift. 
The absorption data show a weak peak at about 83O eV followed by a 
strong ueak at 834.9 eV (119). The M,. region has one strong peak at 850.9 
eV. In the SXAPS results we have a threshold at 829.8 eV which we associate 
3 
with excitation of the P^ level, A second threshold occurs at 832.2 eV 
3 
which we assign to the onset of the stroiiger level. Finally, in the 
SXAPS spectrum we observe a third threshold at 834,8 eV, Recalling that 
SXAPS measures the differential yield, the zero crossing of this third 
121 
feature represents a peak in the x-ray yield. This occurs at 837.5 eV, 
3 too hl^h to be associated with the level and thus represents an addi-
tional feature, which peaks 4,3 eV above the threshold in our spectrum. 
This main peak is probably associated with the states above Ep as for 
the N. region of La. The negative portion shows a change of slope at 
about 840 eV. This could possibly be due to partial oxidation. Murthy 
and Redhead (9) observe a peak at this energy, 6 eV above threshold. We 
note that this depression occurs 5«2 eV above our third threshold at 834.8 
eV, There my be a connection between this structure and the x-ray emission 
data of fbriot and Kamatak (120) which show a weak satellite at 840.6 eV, 
5.9 eV above the main emission line at 834.7 eV. The latter is in good 
agreement with the absorption line of Bonnelle et al. (119)» which ing)lies 
that we are dealing with the same configuration in both absorption and e-
mission experiments. That is, the initial x-ray emission state is the same 
as the fiial absorption state. The emission data also show an asymmetry 
on the low energy side of the line which %rlot and Kamatak (120) 
attribute to de-excitation of 4f states lying at or just below E^. Liefeld 
et al. (113) observe a low energy satellite at 830,8 eV about 2.7 eV below 
their main emission peak. Both of these low energy structures may corres-
3 
pond to the absorption peak at 83O cV due to the 4f level; However, 
liefeld et al. (113) observe a satellite below the M, line which Kariot and 
Kamatak (120) do not see. This suggests tlmt another interpretation is 
needed for Liefeld*s data. 
The absorption data have a single peak in the region at 850.2 eV. 
We observe a threshold at 848.5 eV which, to be consistent, we assign to 
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the level. A second threshold is observed at 851.5 eV. This main peak 
has a zero-crossing at @5^ eV, 5«5 eV above the threshold. The 
region also has the depression above the main peak at 856,6 eV, The two 
structures may be related as for the region. 
In Table 6 we summarize these data as was done for the ^ region, 
with the implication that horizontal rows correspond to the same type of 
excitation. We denote in this table the thresholds, peaks and zero-
crossing points of the SXAPS signals. All other measurements are peak posi­
tions. The XPS values were observed as doublets and represent the core 
binding energies. Such doublets were also observed in XPS studies of La 
halides (^, II7, II8). The emission data suggest, as do the values of 
3 
ref. 75# that the P^ level lies below Bp relative to the 3d , state and 
3 1 
the P^ level is above The P^ level is somewhat above relative to 
3d., 
We note from Figs. 28 and 30 that do/dE predicts relatively equal 
)/2' 
intensities for the and ïi^ regions while we neasure a two to one ratio 
for the main peaks. However, the low energy shoulders which we attribute 
3 1 to the and P^ levels do have roughly equal intensities as predicted 
by do</dE. The main peaks of the contaminated spectra, contrary to our ob­
servations for Or, maintain the same peak inisiisity ï-allo as the clean 
mterial, suggesting an insensitivity to chemical environment. This sup­
ports their association with the shielded 4f states. 
The actual mechanism involved in these 4f excitations is not well 
understood. Using our model of a non-interacting final-state electron, 
these peaks are explained as for the N.  ^region, Tlmt is. about three eV 
Table 6. Summry of some existing data for the La 3d core excitations. 
All data represent peak positions (eV) unless otherwise noted. 
Experiment ATOMIC XPS Isoch. EMIS^ EMIS^ SXA SXA 
Reference 75 57 113 39 120 39 119 
Spectral 
designation 
830.8 00;^ 829.7 830.0 
\ 833.5 834.2 834.7 833.3 834.9 
'D. ' 
'iT 
[W-
»5/2 
ru 
1 
*d 
831.7 835.4 
satellite 839.4 840.6 
?® 847.2 
\ 849.5 850.5 850.8 849.3 850.9 
L "U 
3dy2 848.5 852.3 
satellite 856.3 856,6 
^oft x-ray emission. 
^Second-harmonic spectrum negative peak positions. 
^Threshold value. 
'Unidentified peaks. 
îero crossing of main peak, 
e. 
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Theory da/cÉ SXAPS SXAPS SXAPS SXAPS SXAPS° 
107 119 8 9 our work our work our wo3± 
(oxide) 2w 
829.7 829.7 830.0° 829.8° 832.5° 
834.2 833.8 832.5° 832.2° 834.6 
834.8 835.5 
835 836.1 836.5 838.1 
836.4 837.2 837.5 839.2 837.8 
840.0 840.0 841.5 
850.2 850.0 848.5° 848.5° 851.5 
351.5 852.5 
850.7 852.8 853.0 854.3 
852.5 854.1 854 855.8 854.3 
856.1 856.7 
862.5 
857.4 
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above the energy necessary to excite the various multiplets of the tri-
positive ion, we see an enhancement due to interaction with the 4f states 
on neighboring atoms. For the region only one level is involved and the 
separation between the threshold and the resonance zero crossing is 
5.5 eV, For the region there are two levels involved but we do not 
observe a doublet for the resonant peaks. 
As mentioned earlier, Chamberlain and Baun (?) have suggested an in= 
teracting picture for the final-state electron in their analysis of the 
M,  ^3m SXAPS, In this scheme^ the excited core electron and the incident 
electron form a negative ion bound state on the excited ion, being bound 
by the centrifugal potential barrier, and the ion with a 3d core hole. One 
electron then decays radiatively to fill the core vacancy with the emission 
of a nearly monochromtic x-ray and the other electron decays to the con­
duction band. For the Sm excitation two emission lines result, a lower 
line due to the characteristic radiation (valence band 3d^/^ hole) and 
V/ 
a nearly monochromatic x-ray line due to the transition, 4f 3d^y^, The 
Ml, region does not show such a doublet. The resonant line is some 2eV 
5 
above the line yet it is not clear that the 4f states are this far a-
bove E for Sm. For la we do not observe such a doublet even though the 
F 
4f states are thought to be above The La M, ïesult-s suggest that the 
3 
main resonant line in the M region corresponds to the term being ex-
3 
cited, since the zero crossing points occur about 5.3 eV above the 
and thresholds 0 The lowest term, ^ P^, may also exhibit a resonance 
3 
sons five eV above threshold which overlaps with the excitation and 
carmôt be distinguished. 
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Other la core levels The N^, Ng» and core-level ex­
citations of la were also observed. In Pig. 31 we show the N_ . region 
for both clean and contaminated filma. There is an apparent chemical shift 
of about one eV to higher energy for the contaminated film. This film re­
sulted from the initial evaporation. The and features are not clear­
ly separated in either curve. It is apparent, however, that a strong x-ray 
fluorescence exists for both regions above the tabulated binding energies. 
This is very likely connected with the 4f states above although we caji-
not pick out the initial threshold for the clean naterial. For the contaa= 
inated film, the 4f excitation has a threshold about 6 eV above the step at 
18? eV. It should be noted that no significant final-state interactions 
are expected here since the 4p-4f overlap is small relative to the cases 
just discussed and the exchange interaction is much weaker. The 4f states 
should thus contribute a single peak to the density of states above 
as is observed. 
We have also observed some structure on the high side of the positive 
peak but cannot make an identification at the present tiiss, Kurthy 
and Redhead (9) observed additional structure in this region which they at­
tributed to CI contamination. 
In Pig: 32 we show the M_, K_# and core-level excitations. In all 
cases there appears to be a step followed by a peak. The distance between 
the step and the peak threshold varies significantly however. In the 
spectrum some carbon also showed up indicating possibly a contaminated sur­
face. The vertical lines indicate atomic core-level binding energies (75). 
La N, 2 
CLEAN 
CONTAMINATED 
210 220 190 2200 
E:NERGY (eV) 
•Figure 31e 3XAP3 results for the La - region. The contamina kedl film results are from an earlier 
evaporation "' 
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Figure 32. SXAIS results for the La Mg, and regions 
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It appears that for the n = 4 shell the 4f peaks lie further above the 
atomic binding energies of Bearden and Burr (75) than do the corresponding 
peaks for the n •= 3 shell. We can understand this in term of the inner 
screening provided by the core electrons for the outer 4f orbitals. The 
n » 3 shell provides more screening than does the n = 4 shell so that a 
vacancy in the n » 3 shell would allow the iff electrons to see a deeper po­
tential well. The orbitals would move to smaller radii and thus move closer 
to the continuum threshold. This trend is observed throughout our rare 
earth data. 
In summary, we have shown that the SXAPS data of La are not well ex­
plained by the one-electron theory. Most of the structure observed can be 
understood using a picture where the incident electron is a passive probe 
which causes excitation of the core levels similar to the photoabsorption 
process. The 4f levels, about five eV above for the ^ excitations 
and somewlat less for the - excitations, cause some of the doc/dE peaks 
to appear at higher energies in SXAPS, Finally, certain features suggest 
that the incident electron ca,n also internet with the excited core electron 
9 2 
to form the configuration nd 4f which is like the photon-excited Ge con= 
figuration and should show related effects. 
Cerium 
The SXAPS results for Ce were obtained using evaporated films of metal­
lic Ce, The films were evaporated from a U wire basket at pressures below 
-8 
1 X 10 Torr and all spectra reported here were obtained at a pressure of 
-10 
3 X 10 Torr or lower uiiless otherwise noted. A spark source mss spec-
troiister analysis of the bulk Ce indicated no impurities above 15 ppm. 
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The évaporant was electropolished and loaded within 15 minutes thereafter. 
Fig. 33 shows the SXAPS spectrum of a freshly evaporated Ce film from 
0 to 1400 eV, As before, the vertical arrows indicate atomic core-electron 
binding energies (75)• The sensitivity has been reduced by a factor of 
three compared to Fig. 23 to show the strength of the ^ lines compared 
to the N,, - region. No oxygen and very little carbon is evident. Signals 
4,5 
were observed for the N^, N^, N^, and Mg core excitations 
although not all of these are evident in this figure. The observations 
made regarding line intensities for the La spectrum apply also to Ce. In 
addition we note that for La, the excitations occurred somewhat above the 
tabulated core binding energies while for Ce they tend to occur closer to 
or below the binding energies of Bearden and Burr (75)« Looking ahead, 
we can say that this is a consequence of the 4f orbitals being closer to Ep. 
As for La, the gaseous Ce atom is trivalent. The atomic configuration 
2 
for Ce is that of Xe plus 4f5d6s . The ion in the metal then is thought to 
contain one 4f electron. However ue also has a icirava,lcul state (121/ in 
which the single f electron also is lost. Thus we have t-yo oxides for Ce. 
Ce^Oy as for La, and GeOg. This additional complexity for Ce has revealed 
itself in much of the experimental data. For example, only Ce of all the 
light rare earths, shows najor changes in the absorption spectra when ex­
posed to air (101, 119). The studies of Fischer and Baun (39) revealed no 
such changes for Ce but they did occur for Yb, which also has two different 
valence states. Due to the vacuum conditions for lïany of these measure­
ments it is quite possible thai these châïîgôs reflect the difference bS" 
tween Ce02 and CegO^ rather than between netal and oxide. We will discuss 
the evidence for this statement later. 
13 
> 15 
0 12 
z 
0 9 
(T 
< 6 
X 
IH 3 W 
a: 
OA. 0 
-3 
—0 
Mg Mg M5 M4 D, N4;5N5NJ<N 
1 1 II I 
K 
1 
r 
200 400 600 800 1000 
ENERGY (eV) 
1200 1400 
Figure 33. SXAPS resu].ts for Ce from 0 to 1400 eV 
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Nu - region In Fig. 3^ we show the N. region for what we feel is 
the clean trivalent Ge metal. By this we mean that there is a localized 
occupied 4f orbital on each ion. The binding energies, based on XPS re­
sults (57)» of the ^ d^yfg and core states are indicated by the arrows 
pointing down. The lower portion of this figure shows an expanded spectrum 
of the ^ fine structure region, and the arrows pointing up mark the 
energies of observed SXA peaks (95» 101). The SXAPS results are quite com­
plex compared to La and our resolution is insufficient to isolate all the 
expected lines. The main features do resemble La, however, in that we have 
a region of weak fine structure followed by a large broad band above the 
expected N, threshold. The lower curve of Pig, 34 is an average of five 
4,5 
separate runs, each on a freshly evaporated film. Consequently we will not 
give nmch attention to the finer details which may result from this aver­
aging process. The most reproducible features consist of the threshold at 
100,7 eV, a weak peak at 103.2 eV, three stronger peaks at 105.0, 107.2, 
and 110,0 eV and a weaker broad peak at 112,6 eV, In addition, the feaiujwo 
at 101, 106.3, 108.2, and 113.7 eV my be significant. This low energy 
region is followed by a large broad peak at 120,1 eV, We do not observe a 
peak analogous to peak D in La (Fig, 24) but, as shown in Fig, 35s we do 
observe the filling of a miniaum upon successive evaporations. In this 
figure the film labeled as contaminated resulted from the initial Ce eva­
poration, After a few more evaporations the solid curve was obtained. At 
the end of our studies the vacuum chamber was filled with oscygen to a pres­
sure of lO"^ Torr and then pumped out again. The lower broken eîirve 
suited. We note tteit the depression near 128 eV has returned. There are 
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Figure 35. SXAP3 results for the  ^region of Oe. The contaminated film 
results are from an early evaporation and the clean film results 
are from a later evaporation. The clean film was exposed to 
oxygen to get the results in the oxide speetgum 
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no najor changes in these three curves in the fine structure region except 
possibly a chemical shift in the threshold to about 0,5 eV higher energy 
for the lowest curve (oxide) and a shift of one eV for the middle curve 
(contaminated). The number of peaks remains constant although their re­
lative intensities have changed somewhat. Based on these results we feel 
that the solid curve in this figure represents a clean metallic surface. 
In Fig. 36 we compare the SXAPS results to the absorption coefficient, (X, 
using the data of Rabe (95)• Also shown are the derivative of and the 
derivative of the self-convolution of « as prescribed by the one-electron 
theory. This last curve shows a peak in agreement with our m in peak at 
120,1 eV but also predicts a larger peak at higher energy. This is due to 
the existence of a large peak in 01 above the chosen threshold, which pro­
duces the double peak structure as was noted earlier in the Y and la dis­
cussions. The feature at 110 eV in the convolution curve would vanish if 
were chosen to be a few eV larger. This sensitivity to reflects on 
the fact that for Ce some 4f states lie just below Bp, 
The SXA results have been explained (9I, 104) quite satisfactorily 
using the concept of exchange-induced multiplet splitting due to the large 
spatial overlap of 4d and 4f wavefunctions. This was already discussed for 
La 3C xs proceed to see hcK Hell the SXA dat-a describe the SXAPS results. 
The dc^àE curve in Fig, 36 has been broadened with a 0,5 eV half-width 
gaassian to represent the SXAPS energy broadening. The d«/dE curve predicts 
a threshold at about 100 eV, followed by peaks at 101, 103,1, 105,5» IO7.8, 
109.8, and 111,2 eV, The nain peak is predicted at 118,5 eV somewhat below 
our main peak. Due to the large number of lines observed below threshold 
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Figure 36. Comparison of SXAPS model calculations for the % - region 
of Ge 
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in SXA, it is quite difficult to be as conclusive about the correspondence 
between SXA and SXAPS. By correlating the peaks in <i*/dE with the peaks in 
«%, and then comparing to the SXAPS results, a tentative assignment can be 
made. This has been done in Table 7. The conclusion reached is that the 
peaks in SXAES lie about 2.1 eV above their corresponding optical partners 
in do</dE. We note that some of the shoulders shown in Pig. 34, and noted 
by an S in Table 7p also fit into this schen®. This correspondence las 
been made on the assumption that our peaks should lie above the optical 
peaks for two reasons. First, the La results indicated such an analysis 
might also apply to Ce, Second, Chamberlain et al. (122) have made a series 
of studies on Ce, similar to their La studies (113)» which suggest a peak 
in the density of states about 2.7 eV above E , These results from SWL F 
measurements, and the appearance of a low energy satellite about 2,5 eV 
below the Ma, and emission lines, prompted the assignments in Table 7, 
Since several of the weaker shoulders in the SXAPS spectrum also fit into 
this sane scheme, we feel that isiproved energy résolution i« SXAFG will zc 
veal additional structure. To eliminate possible doubts regarding the as­
signments in %ble ?, we have aveiaged the aE values both with and without 
the weak structures indicated by an S. The difference in both cases is 
only 0.1 eV In the average separation, Ra,rt of the individual deviations 
from the average values reflects on the sharpness of the peaks in SXA and 
the broadening used for d«/dE. For eseançle, with one eV broadening the 
three peaks corresponding to G, K, and L for d^ /ôE begin to nsrge into one 
peak at 109,5 eV. The value of AE = 2,1 eV agrees quite well with the 
results of Chamberlain et al. (122), 
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Table 7. Tentative interpretation of the fine-structure region in the 
g SXAPS spectrum of Ce 
SXA^ (io</dE^ APS 
peaks (eV) peaks (eV) peaks (eV) fflCA d«/clE 
A": 101.25 101 103.2 1.95 2.2 
B 103.48 103.1 a 
10 104.5 (s) 
105.0 1.52 1.9 
C 104.56 106.3 (s) 1.74 1.8 
D 105.77 105.5 107.2 1.43 1.7 
E 106.06 
P 106.58 106,3 (S) 108.2 (s) 1.62 1.9 
a 108.06 107.8 110 1.94 2.2 
H 108.93 
J 109.70 
K 110.36 109.8 112.6 2.24 2.8 
L 111.52 111.2 113.7 (S) 2.18 2.5 
Total Average aE® 1,8 2,1 
Partial Average aE® 1.9 2.2 
^Data from ref, 95. 
^AE SXA(do(/clE) = SXAPS - SXA(do(/dE). 
c 
See ref. 101 for letter designation and ref. 102 for spectral term 
designation. 
= Shoulder. 
®Total Average aE = average of all eight values, 
Total Partial aE «= average of peak values only. 
We are left with the principal failure of the do^dE curve in predicting 
the main SXAPS peak at 120.1 eV, We have noted that no bump analogous to 
peak D in the La spectrum occurred for Ge, One possible explanation now 
seems evident. Arguing from the good agreeissnt for la between the main 
peak in d«/dE and the nain SXAPS peak, it is possible that the nain Ce 
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SXAPS peak results from two peaks which are not resolved, one near 118.5 
eV and a second at about 2 eV higher energy. However, we expect that our 
resolution would reveal such a separation. Even the second-tarmonic spec­
trum reveals only a slight change of slope in the region of the nain peak. 
An alternative explanation is provided by the interacting electron 
picture discussed earlier for La. We assume that peak D in La corres­
ponds to the case where both the excited core electron and Incident electron 
occupy 4f orbitals on the excited ion. This configuration is 4d^4f^. The 
corresponding configuration in Ce is 4d%f^. It say be that this config­
uration with an unpaired 4f electron is not bound by the Ce ion potential. 
Then the non-interacting picture would prevail suid no satellite peak would 
result. It is impossible to correlate this picture with an observation of 
fine splitting as was done for the subthreshold multiplets in La. This 
idea could be verified by studying other rare earth ^ spectra. Using 
this pairing argument, we would expect satellites for Pr and Pn but none 
for Nd and Sm, Of course, as we increase 2, the 4f states move closer to 
Bp and the satellite merges into the main resonance. 
We also have perforned a convolution based on the two density of states 
model of Wendin (112). Here, the SWL data of Chamberlain et al. (122) were 
used to represent the N+l-particle density of states on neighboring atoms 
which is probed by the scattered incident electron in the non^interacting 
picture. The absorption coefficient data of Haensel et al. (101) were used 
to represent the density of final states on the excited Ge ion. The results 
are shown in Fig, 37. Above threshold, as for La, the agreement is not 
exact. Below threshold, the results do not resemble the multiplet structure 
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Figure 37. Comparison of the Ce ^ SXAPS spectrum with the two density 
of states model calculation 
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observed and show instead something resembling a doublet. The thresholds, 
however, are in good agreement. The broadening which results from this 
convolution indicates that in this model, a sharper 4f peak may be needed 
for the Ce N+1-particle density of states. It is perhaps just a coinci­
dence that this result resembles data to be presented later where a doublet 
was actually observed for Ge. 
In Fig, 38 we show the results of correcting the Ge ^ region for 
a non-constant beam current due to space-charge buildup. The analysis is 
the same as was discussed for La and the effect is to give more weight to 
structure observed with lower beam currents. No peak positions are signi­
ficantly altered by this normalization process. 
In Table 8 we summarize some of the 4d core-excitation data for Ce 
from XPS, emission, and absolution masurements. As for La we note some 
disagreement for the XPS core binding energies. The Ge data of ref. 115 
may be more reliable since the resolution and vacuum conditions were some­
what better there. Also, for Ge, there may be a slight multiplet splitting 
which has not yet been completely analyzed (115). This splitting is more 
evident for heavier rare earths and is associated with the partially filled 
4f shell. As for La, the emission data (ll6) show strong, low energy lines 
probably associated with the fillliig of 4d helss by 5? core electrons 
(N, _ -> % q). The peaks at 103,1 through 121.7 eV correspond quite well 
4,5 
with absorption lines (106) and may be due to absorption followed by re-
emission. The 4f splitting may also be responsible for some of the higher 
energy lines since the main absorption peak extends to nearly 150 eV, The 
theoretical values in the table come from atomic calculations (102) for the 
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Table 8. Sunmry of some existing data for the Ge 4d core excitations. 
All data represent peak positions (eV) unless otherwise noted. 
Experiment ATOMIC XPS XPS EMIS^ 
Reference 75 57, 115 116 
Spectral 
designation® 
N503 83.6 
NiK)3 85.9 
N402 87.0 
satellite 95.0 
4F(3/2) 
20(7/2) 103.1 
40(7/2) 
40(7/2) 105.3 
40(5/2) 106.2 
4H(7/2) 
4D(3/2) 
W7/2) 
4F(7/2) 109.7 
W7/2) 
20(7/2) 
W5/2) 110.0 110,0 108.6 
W3/2) 110.0 117.7 111.5 
2G(7/2) 
2D(3/2) 121.7 
2D(5/ZJ 
2f(5/2) 
2F(7/2) 
9 
128 
157 
? 167 
"Soft x-my emission. 
» SXAPS - dP</aE. 
°N503 = NgO_, etc. 4F(3/2) « V/», etc. M(3/2) = M./p, etc. 
? = xinidentif ied^peaks. ' ' 
'^ A shoulder rather than a peak is observed at thsss values, 
®Only one peak is observed, presunably because of broadening. 
1# 
SXA SXA Theory à^ /àS SXAPS 
101 96 p 97 102 95 our work 
101.25 101.8 101.2 103.2 2.0 
103.1^8 103.1 103.5 103.2, 105.0, 1.8 
10!;.56 104.1 iO'^.k 104.2^ 106,3^ 2=1 
105.77 105.4 105.7 105.5 107.2 1.7 
106.06 106.2 106.0 , . 
106.58 107.3 106.8 lOS.iiT 108.2 1.8 
108.06 107.9 108.2 107.7 110.0 2.3 
108.93 108.6 108.8 108.75 
109.7 109.4 109.5 
110.36 110.2 110.1 110.0 112.6, 2.6 
111.52 111.2 111,7 111.2 113.7^ 2.5 
121.7 ^  ri20.^ 116.75 
I124.41 
124.3 ~ 125 <iz4.6f 118.2 120.1 1.9 
125.3 
\i25.4; 
. 122.7 
146 ^  129.5 
ik5 
tri-positive ion, which assume that the optically excited configuration is 
We kive listed in Table 8 only those strong lines in the calcula­
tions which correspond to the observed absorption. In fact, a total of 24 
lines are predicted (102), The peak values listed for de</dE are the un-
broadened derivative peaks obtained from the data of Haensel et al. (101). 
Even here, the average aE value for the differences between SXAPS and d«/dE 
peaks is 2,1 t 0,5 eV so the broadening has little effect on this average 
separation determination. We thus conclude that the Ce ^ SXAPS results 
are well explained in terms of the finad state 4f multiplet splitting, and 
a 4f density of states peak on neighboring ions about 2 eV above Ep, using 
the non-interacting picture for the scattered incident electron. 
Mi, _ region In Fig. 39 we show the \ _ sj^ctra for a clean rne-
Jhl 
tallic Ge film. The lower curve shows the second-harmonic spectrum corres­
ponding to the second derivative of the total yield. The dashed vertical 
lines nark the atomic core binding energies (75)» and the arrows pointing 
down mark the XBS peak positions (57). The lower arrows show Uw peak 
positions for acsorption measureiaents (ll9). A triplet is observed in SXA 
for both the and regions, however In the region the second and 
third peaks are of equal intensity and just barely resolved. In the 
region the three SXA peaks are successively stronger as one goes to higher 
energy. The second derivative curve in Fig» 39 indicates only two SXAPS 
peaks in the region and three in the region. 
In Pig, 40 we repeat the clean ^ spectrum (solid curve) and show a 
spectrum for our initial evaporation which, in cormeetion with the ÎÎ. 
'^»5 
h>t HARMONIC 
SPECTRUM 
2nd HARMONIC 
SPECTRUM 
930 920 900 910 890 680 
ENERGY (eV) 
Figure 39 e First- and second-harmonic spectra in the ^ region for a clean Ce film 
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interpretation, we assure to be contaminated. This curve shows a definite 
asymmetry in the negative peak which may be attributed to the appearance 
of an additional shoulder in the total yield at slightly higher energy. In 
the lower curve of Pig, 40 we show the spectrum of a clean film exposed to 
oxygen at a pressure of 10 ^  Torr for about an hour. The spectrum is sim­
ilar to that for clean Ce with the exception of the additional structure in 
the negative portion of both the and peaks. The arrows at the bottom 
of the figure nark the peak positions in the absorption data of Bonnelle 
et al, (119) for Ce exposed to air. They attribute this rearrangement of 
peaks to the formation of CeOg» Our oxide spectra do not show the addition­
al peak which they observe at 905.6 eV and furthermore, the weak structures 
below each nain peak still resemble the clean Ce spectrum. We conclude 
that the additional two small peaks may instead signal the formation of 
Ce 0 on the surface. Such an interpretation seems sonewhat speculative 
but there is evidence that the oxidation process for Ce may depend on the 
oxygen exposures involved. Heirs and Spicer (123) have pertomsd ultra­
violet photoe miss ion studies which suggest tliat, at low exposures, Ge^ O^  
is the stable oxide and that it forms a somewhat jraoteetive non-mstallic 
layer, through which oxygen must diffuse to reach the bulk. On the other 
handy they suggest that at larger exposures CeO^ is the stable phase and 
that it a non-protective oxide. It is not at all clear which situation 
applies here, so we use the ^ region as a guide. After the heavy ex­
posure to oxygen, the ^ region (Fig. 35) still showed the five peaks 
below threshold which are indicative of the tri-positive Ge ion. 
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Thus we conclude that the exposure to 0^  led to the fomatlon of 
Ge^ O^  which, if quite protective and thin, may have allowed the Incident 
electron to prolse both oxide and clean Rstal. However this would imply 
that the protective layer is at most a few monolayers thick, since the 
900 eV electron has a short mean free path for inelastic scattering. An­
other possible explanation is that we have a very small concentration 
mixture of CeOg in a matrix of OegO^ . The CeOg ions have the slightly 
larger binding energy due to reduced outer shielding. The situation here 
is not well understood, however, since Suzuki et al. (49) suggest that 
GegO^  resulted when Ge was exposed to air. Their XFS spectra in the region 
of 4d excitations had similar features for this oxide and for CeF^  which 
differed from their CeOg spectra. This suggests, in agreement with our 
data, that CegO^  is the more stable plase for large exposures. 
In Fig. 41 we show the spectrum for clean Ge (solid curve) and the 
derivative of the absorption coefficient, using the data of Bonnelle et al. 
(119) (dachcd curve). Me have ajso perforraBu the self ^convolution of oc, 
based on the one-electron theory, and show the derivative of the self-
convolution (broken line). The initial peak in each region of the convolu­
tion model is in fair agreement with structure in the SXAPS results. The 
remarks nade earlier for the La results apply also to the convolution for 
Ce. We show only the results of the individual and convolutions. 
The results of the d^ /dB curve indicate, however, a picture somewhat dif­
ferent from that for La. We note first of all that for La, d«/dE had 
about eqtîs-l and intensities while for Ge the ratio is almost 1.5? in 
agreement with the statistical population of 6 to 4 for the 3d^ yg and 
3d^ /o core states. Second, for La we had one extra structure in the SXAIS 
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Figuïe ^ 1, Comparison of SXAPS model calculations for the ïëgiûn of Ce 
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results for both the and regions. For Ce we resolve two peaks in 
the region and two peaks with a low energy shoulder for the region. 
The da/dE peaks are about 1.5 to 2.0 eV below the SXAPS peaks. Upon 
closer examination of the region, the third peak in 4 appears only as 
a change of slope in d«/dE near the zero crossing at 881.5 eV. This is 
even less evident in the SXAPS curve of Pig. 41, but the second-harmonic 
spectrum does indicate a slope change at 883»3 eV in Pig, 39, which is 
more evident in an expanded plot. Thus, for Ce we have an equal number 
of structures for SXAPS and do</dE, These results are repeated in Table 9» 
We see there that the initial structure for both the and regions in 
SXAPS occurs about 1 eV above a peak in d«/dE, while the second and third 
structures, counting the slope change for in SXAPS occur about 1.8 eV 
above a peak in d«/dE. This comparison indicates that the initial struc­
ture in both regions is somewtat different from the other two. The latter 
two structures are consistent with the non-interacting electron picture 
if we place a 4f density of states peak about 1.8 eV above excitation 
threshold in the N+l-particle density of states. The N, results sug-
gested a value of 2.1 eV above threshold for this 4f peak. This differ­
ence between the n = 3 and n = 4 shells is consistent with the observation 
imde earlier for Is. that the n = 4 ehell structures were consistently 
further above the tabulated binding eneigies than were the n = 3 features. 
The major difference between our La and Ge results in both the N 
4,5 
mechanism to explain additional features not observed in the absorption 
and M, . regions is that for La it was necessary to consider an extra 
4,5 
Table 9. Summary of some existing data for the Ce 3d core excitations. 
All values listed are peak positions (eV) unless otherwise noted. 
Experiment 
Reference 
ATOMIC 
75 
XPS 
57 
Isoch. 
122 
EMIS®" - SXA 
39 39 
SXA 
119 
Spectral 
designation*^ 
S/2' ^5/2 879.5 879.3 
\lz 882,0 880.4 881.3 881.5 
\/z* \fz 882.2 
^5/2 883.3 882.6 
satellite 886.3 
4 
"7/2 896.4 
\lz 897.8 898.0 
S/2 
%/2 
900.8 899.1 899.3 899.0 
^3/2 901.3 901.2 
satellite 904.8 
^oft x-ray emission. 
= SXAP3 peak value - dci/dE peak value. 
Second-harmonic spectrum negative peak values. 
Spectral designations are from ref. 119. 
®A shoulder or change in slope. 
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Theory 
119 
d«/dE 
119 
SXAPS 
119 
SXAPS 
our work 
(oxide) 
SXAPS® 
our work 
2 w 
SXA 
119 
(oxide 
879.5 878.5 879.4 0.9 879.5 879.7 
881.4 880.5 882.0 1.5 882.0 882.6 881.8 
882.2 881.5® 883.3® 1.8 882.8® 
885 884.5 883.7 
896.3 896.0 897.1 1.1 897.3 897.6 
897.7 897.4 899.3® 1.9 898.9 
899.0 898.3 900.2 1.9 900.3 900,8 901.4 
899.5 
905.2 903 -2.2 902.5 905.6 
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data. For the ^ region we obsei^d the extra peaks A, B, and D which 
we attributed to the interacting scheme with a configuration 4d%f^, For 
the ^ region we observed an additional strong peak attributed to the 
same configuration. For Ce, however, no such additional peaks are evident. 
This lack of extra structure for Ge in both regions may indicate that the 
interacting picture for Ge, with the configuration 4d^4f^, is energetically 
unfavorable and that the additional nuclear charge of Pr is needed to bind 
the unjaired 4f electron, 
•Rible 9 summrlzes our ^ results and lists the peak values observed 
in the XPS, x-ray emission and SXA experiments. The XPS results show 
doublets for the ^d^y^ and ^d^y^ core levels. As for la, these doublets 
may be due to oxides or halides (49). The x-ray emission data suffers 
heavily from self-absorption effects and inspection of the data (39) 
shows close correspondence between emission and absorption features. As 
for La, the isochronat results (122) show low energy satellites. The la 
results suggested that these were not due to seli=absorption. They aie 
attributed to resonant scattering into empty 4f states which are apparent­
ly below Bp since they occur below the and einission peaks (122). 
Fischer and Baun (39) suggest on the other hand that the and lines 
observed under minimal self-«,bsorptlon conditions are actually 4f 
transitions mther than valence -> M, . For La and Ce we expect these to 
occur at higher energy than the true M . transitions since the states 
« J/O 
are above This doss not seem to explain the isoehroiiat satellites, 
since the average separation between the satellite and min peak is 2.5 eV 
for La and 2.7 eV for Ge, This means that the 4f states are the same 
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distance above B for both La and Ce, Since the SVTL (122) spectra indicate 
P 
that this is not the case, we conclude that the satellites are not related 
to the 4f states in the manner suggested. 
Other Ge core levels In Fig. 42 we show the spectrum of the 
N , and M Ce core excitations. The upper curve shows the p region 
& 1 3 
which resembles the La N region in many ways. The N. excitation has a 
J 
threshold just above 195 eV followed by a peak at 205.8 eV, The fine 
structure in the threshold region and the shoulder on the positive peak 
were reproducible but have not been interpreted. We note that the peak 
lies relatively close to the atomic core binding energy (75) indicated by 
the arrow. The Ng excitation overlaps to some extent the spectrum and 
is somewhat weaker. We can identify the main peak at about 221 eV, 
below the tabulated atomic core binding energy (75). 
Very little information can be obtained from the spectrum shown 
in the middle of Fig, 42, Based on our experience with La, and the sen­
sitivity used to obtain this spectrum, we believe the first peak at 266 ev 
is associated with the excitation. The remaining structure my be 
associated with carbon contamination of the surface. 
For the excitation, there is a shoulder resembling a threshold at 
1173 sYj followed by & threshold at 1175.7 eV for the main peak. Such 
structure my be an indication of the onset of transitions to 4f states 
2,7 eV above Bp. A similar interpretation could be made for the shoulder 
in the spectrum. There the two thresholds occur at 201 and 203.8 eV, 
with a separation of 2.8 eV, Such an interpretation is somewhat arbitrary, 
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Figure 42. SXAPS results for the Ce N^, and regions 
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however, due to the structure "below 200 eV. We did not study this region 
in any more detail, 
Ge (iv) As was pointed out earlier in this discussion, the 4f 
orbital of Ge is just sufficiently bound to make the Ge ion trivalent. 
Vickery (124) points out that of all the lanthanides, Ce is the only one 
which can give rise to a stable 4+ ion. He suggests that it is no more 
difficult to remove the 4f electron than it is to remove the 5d or 6s 
electrons. During our study of Ce it became evident tteit for a short time, 
at least, the surface of our film consisted of Ce ions. The conditions 
which prompted this valency change are not clear. Three evaporations had 
been made and the N spectra recorded after each consistently showed 
4,5 
the five peaks below threshold as discussed above. The fourth evapora­
tion yielded spectra like the dashed curve shown in Pig. 43, The pressure 
during evaporation did not rise above 9 x 10"^ Torr, and dropped immedi­
ately thereafter to 1.5 x 10'^^ Torr. This process was repeated three 
more times and each film showed this same spectra. The uain peak is nut 
shifted, but the high energy side seems broader, with a weak feature a-
round 130 eV. Moreover, the structure below threshold now appears as a 
doublet, with some weaker shoulders. The threshold is still in agreement 
with the earlier Ce data. 
A scan of the M. region after the seventh evaporation resulted in 
the bottom curve of Fig. 44. The ^ peaks show new splitting of unequal 
intensity. At this time the higher energy peak, at 883.7 eV was the 
stronger of the two features. This film sat at a fcase pressure of 
1 X 10"^® Torr for several houzs. The system was then turned on again 
158 
N4,8 REGION 
Gs 
100 no 130 120 140 
ENERGY (@V) 
Figure 43.  ^SXAPS spectrum for tetravalent Ge. The solid curves 
show the  ^spectra for La and trivalent Ge metal 
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44. Series of spectra obtained for the Ce c region during the 
transition from tetravalent to trivalent'ce. The numbers on 
the right indicate the film from which each spectrum was ob­
tained, relative to the third evaporation (bottom curve) 
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and "both the N and M, regions still showed the new structure, A 
series of evaporations was then rade as indicated by the curves of Fig, 
44 and the Intensities of the new second peaks gradually reduced, re­
verting to the original M, „ spectrum shown earlier. At the same time the 
N, spectrum returned to its original form, with five peaks below thresh-
4,5 
old. This sequence was originally thought to represent a mixture of 
and Ge metal. The Nj^ ^ results however, suggest that we had a mix­
ture of 3+ and 4+ ions during the sequence shown in Fig, 44 and that with 
succussive evaporations the surface was gradually covered with 3+ ions. 
The entire sequence of Fig, 44 covers a period of about 10 hours. Each 
individual spectrum was reproducible and only a new evaporation caused the 
intensity clanges. We emphasize that at all times other than during eva-
-10 poration, our working pressure was below 5 x 10 Torr, We conclude then 
that the films represent metallic Ge rather than oxide. This idea is 
supported by the N,, ^ region (Fig. 43) which shows a broad main peak with-
out a high energy minimum which is characteristic of the contaminated 
films (Fig, 35)t We observed this same transformation of the Ge ^ 
fine structure in an earlier study using a different piece of Ce, but cut 
from the same latch as the present évaporant, 
w'e also observed that during this series of scans the emission current 
was higher following successive evaporations until the sequence of Fig, 
44 was begun, at which tints the emission current decreased with successive 
evaporations. This cannot be explained by space-charge effects in the 
^ region and may be related to the conductivity of the sample surface. 
"'r, 
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an argument which favors the Ce^ metal ^  CeO^ transition rather than a 
valency change for metallic Ge. 
In Pig. 43 we also show a la ^ spectrum. Since the doublet of 
this spectrum resembles somewhat that of the dashed curve, we conclude 
4+ 
that the Ge film during these runs consisted of Ge ions and that the e-
lectronic configuration being studied was similar to that of La with one 
extra nuclear charge. The SXA data of Haensel et al, (101) lend further 
support to the La-like configuration for Ge. Their results for Ge oxide 
show two peaks, at 103.^5 eV and 108.21 eV, with some weaker structure. 
We assume that this represents GeOg. Their data give peaks for drt/dE at 
103,2 and 107.9 eV, The low energy SXAFS peaks are at 105.2, 106.7, 110.6, 
and 111.8 eV. We present these data in Table 10, along with the separa­
tions, AE, of the SXAIS peaks from the SXA and dot/dE peaks. The results 
indicate a splitting of E « 2,4 and 3.7 eV for the SXAPS peaks relative 
3+ 
to the dot/dB peaks. This sanfâ quantity for La was 4,4- and 5.8 eV res­
pectively, from Table 7. If our interpretation is correct, ûE is a ryugh 
measure of the position of the 4f states relative to the excitation thresh^ 
4+ 
old. The suggestion is then that the empty states in Ge are slightly 
3+" further above the ionization threshold than are the 4f states in Ge^, 
44-
which is what we expect. Also, the 4f states in Ge are pulled down 
3+ towards the threshold level relative to those of la , as expected, due 
2LI. 
to the extra nuclear charge in Ge , 
The splitting of the M, _ peaks in Fig, 44 is 1,6 eV, For the GeO„ 
data of Bonnelie et al. (119)> the shift upon oxidation is about 1,8 eV 
for the min peak and 2,4 eV for the peak. The shift in the main 
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Table 10. Summary of results for the ^ region of Ce (IV) 
SXA^ do/dE^ SXAÎS 
peaks (eV) peaks (eV) peaks (eV) SXA do/dE 
103.45 103.2 105.2® 1.8 2.0 
106.7 3.2 3.5 
108.21 107.9 110.6 2.4 2.7 
111.6- 3.6 3.9 
2.1 2.4 
Average ûE 
3.4 3.7 
^Using data from ref, 101 for Ge oxide. 
\he aB values are the differences between the SXAPS values and the 
SXJL AND D«/"F VALUES retsueetlvely. 
^Shoulder. 
da/dE peaks for these data is 2 eV for and about 2.2 eV for slightly 
greater than our splitting of 1.6 eV for the and doublets. 
The data presented here strongly suggest that we had for some time 
Ce^ ions in a metallic state. We cannot state with confidence the reason 
for this valency change nor can we rule out the existence of GeOg. One 
possible explanation is that the 4f orbital is emptied due to the elevated 
sample temperature, Habernann and Baane (92) have suggested this depop» 
ulation as a possible cause for the unusually high heat of sublination for 
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Ce. The argument is that above room temperature, the electron is 
thermally excited into the conduction land. If a d-symmetry orbital is 
occupied, the cohesive energy would be increased relative to that of La 
as is experimentally observed. We do not know the substrate tençerature 
in our experiment but it is certainly well above room temperature due to 
the nearby W filament and to electron beam heating. However, these con­
ditions were not altered mch during the Ge runs and another explanation 
is probably needed. He suggest that Ce should be further studied using a 
heated substrate in conjunction with an Auger analysis to determine whether 
the surface represents metallic Ge or GeO^. 
Ytterbium 
Our interest in Yb resulted from the moderately successful inter­
pretation of La and Ge data in terms of the absorption coefficient. Yb 
metal is divalent and the ion cores have a completed 4f shell (92, 125). 
Upon cxiditior., the lor. tsoovass «ith one pmp+.y iif orbital. The 
Yb SXA data of Fomichev et al, (96) show a weak peak at 171.3 eV followed 
by a stronger peak at 179.6 eV. slightly over five eV wide. Sugar (102) 
has suggested that this spectrua resulted from the oxide rather than the 
metal, since divalent Yb ions, having a full 4f shell, should show no ab­
sorption in this region. The transition involved in the oxide is then 
10 13 9 14 9 
4d 4f 4d 4f , which results in a singlet, excited state. 
The absorption measurements of Gombley et al. (126) support this valency 
Changs also. They observe an absorption line (3<i -> 4f) at 1^19,9 eV 
in YbgO^ and YbF^, but not in the mtal. The and absorption edges 
are observed for all three materials. The line is not allowed optically 
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since » 2 for '^^7/2' measurements (115) give core binding 
energies of 181.4 and 191.4 eV for 4d^yg and 4dyg respectively. The elec­
tron energy loss measurements (ill) agree with the SXA results in giving 
a single bread peak at 181 eV. This presumably also represents Yb oxide 
rather than metallic Yb. 
Fig. 45 shows our SXAPS results for Yb in the ^ and ^ regions. 
The dashed lines nark the atomic core binding energies (75) in each region. 
The arrows pointing up mark the peak positions for absorption measurements 
(96, 126) and the double-headed arrows mark the 4d core binding energies 
determined by XPS (115). In the ^ region we measure a relatively strong 
peak at 1524.5 eV and a weak peak at 1573.5 eV. We attribute these peaks 
to the excitations, 3d -> 4f. This is perhaps evidence that optical selec­
tion rules do not hold for SXAPS where the incident electron, as a plane 
wave, contains all values of angular momentum. The two peaks are spin-orbit 
split by 49 eV, in fair agreement with the and absorption edge separ­
ation of 47.7 eV for Yb oxide (126). The data for this region are summar­
ized in Table 11, 
Our study of this region was quite limited for two reasons. The in­
strument did not allow accurate voltage readings above 1600 eV, and the 
spectra showed signs of electron-beam damage at these energies. Since 
the vapor pressure for Yb is quite high (92) at elevated temperatures, the 
system could not be baked at temperatures much above 100® C. Our early 
attempts to bake at 200° C resulted in failure. We then worked without 
baking to obtain some initial spectra. 
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Figura 45. SXAPS results for the ^ and ^ regions of Yb, The top ard 
bottom curves were ocrtained picior'to fcakiiig the vacuum ctrnmber 
and the mludlG was obtained after a short bake at 100® C 
Table 11. Summary of son» existing datii for the 3d and 4d core excitations in Yb. All values 
represent peak positions (eV) unless otherwise noted. 
Experiment ATOMIC XPS XPS EE# SXA SXAPS SXA SXA EMI^  
Reference 75 115 12? Ill 96 our work 126 39 39 
Spectral 
designation 
?° 171.3 
4d^ y2 184.9 181.4 181.2 
181 179.6 184.5 
4d_/_ 198.1 191.4 190.0 196.5^  
1524.5 1520 1515.5 1522.6 
3d^ ,2 1527.8 1550. ® 1549 
1573.5 1566.6 
3^/2 1576.3 1596.7 
Electron enex^ j loss experiment. 
X^-ray emission spectroscopy. 
U^nidentified peak. 
h^e assignment of this psak to 4(1.^ ^^  is purely speculative, 
step is obsei"ved at this value rather than a peak. 
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The top and bottom curves of Fig, ^ 5 were obtained at this time, at 
a pressure of 3 x 10 Torr. The middle curve was obtained after a short 
bake at 100° C, from a new film. The pressure after this low temperature 
bake was only about 1 x lo"^ Torr. We must assume that all our spectra 
represent Yb oxide films due to the poor vacuum. The relatively high va­
por pressure also meant that electron-beam desorption was enhanced as in­
dicated by the photoeathode contamination which occurred. 
The absorption edges observed by Combley et al. (126) are also in­
dicated for the M,. _ region in Fig, 45. The edges observed for the oxide 
4"; 5 
are labelled M ' and M, and the edges observed for the metal are marked 
5 4-
as and The step observed at 1550 eV in our curve may be due to 
the threshold for excitation to the conduction band. We have no in­
terpretation for the step observed at I5IO eV, 
In the N region, we observed a double peak for our initial eva-
porations. After the low temperature bake our films gave the broader peak 
shown by the middle curve of Fig, 45, The threshold lor this peak is jieeu.-
180 eV and is associated with excitation of the singlet. The peak 
has a width of 7 eV in fair agreement with the SXA results (96), The se­
cond peak, at 196,5 eV, in the bottom curve of Fig, 45 my be due to the 
spin-orbit split excitation, contrary to the exchange splitting pic= 
ture. Both curves for the N, region show a low energy shoulder near 
177 eV. 
The spectra shown in Pig. 45 were quite weak compared to our La re­
sults. When nomalized by the emission current density and modulation 
potential, the la signals were about ten times stronger in the region. 
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The small signals obtained for Yb nay result from the low density of avail­
able 4f states at Ep in Yb oxide. On the other hand, the stronger signals 
for the lighter rare earths nay be due to resonant final states with both 
the excited core electron and incident electron residing on the excited 
ion. This interacting scheme was discussed in connection with La and 
cannot occur for YbgO-^ which has only one available 4f state. 
We also observed a broad peak for Yb oxide around 40 eV as shown in 
Fig. 46. The 5p core state is expected (75) to be near 23 eV. The struc^ 
ture could not be separated convincingly from the background although it 
may be associated with the excitation of a 5p^ configuration. 
Insulators 
A major goal of this work was to test the usefulness of SXAPS for in­
sulators. From one point of view (16, 72) this question hawi been answered 
already since good spectra had been obtained, for some transition metal ox-
idcc cuch as (128). Ixi the same vein, have already shown spectra 
for La^Goj Ce^O^, and Yb^O^. Such oxides first form as an outer layer and 
in all probability form to a depth of several atomic layers, greater 
than the penetration depth for unscattered nedium-energy electrons. We 
wished to know if an evaporated film of insulating material would also 
give good spectra. It is not clear that this distinction between an ox­
idized metad surface, and a thin film of an insulating compound, should 
even be nade here, but the fact remains that to our knowledge no SXAPS 
spectra had been reported for evaporated films of insulating compounds. 
With this in mind, t-re have studied evaporated filiss of KnF^, LaF^, CsCl 
and KCl. 
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Pigiixe 46. S;CAPS spectrum of Yb in the region of the 5p core excitations 
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Prom the outset, it was expected that charging of the sample by the 
electron beam would be a problem. If the results of charging were only to 
cause an energy shift, the line shapes might still provide useful informa­
tion. It was not clear how much broadening would result from charging and 
how much desorption and dissociation would result from electron bombardment. 
Some of these questions will be addressed in the results which follow. 
Potassium chloride 
In Fig, 4? we show two spectra obtained from an evaporated film of 
KCl. The top curve covers the L. _ excitation region of potassium, the 
2s chlorine excitation, and the Is carbon excitation. The dominant fea­
ture is the doublet peak observed at 298 and 301 eV. A weak peak at 287,5 
eV is probably due to surface carbon contamination. The dashed lines mark 
the atomic core-state binding energies (75)• The middle curve of Fig, ^7 
is the KCl spectrum in the CI L region. 
2,3 
we cann^T. TOTCB aay conclusive assignoent for the observed features but, 
based on the absorption data for KCl, some speculation is possible. The 
absorption data for the chlorine L ^ region (129, 130) show much structure, 
extending from about 200 to 230 eV, which 1ms been interpreted in terms of 
excitons and conduction band density of states structure, The SXAPS results 
show complicated structure in this region also, but the intensities here 
are too weak to nake any assignments. The potassium L SXA data is some-
2,3 
what simpler, having two dominant peaks at 296.2 and 298.6 eV (130) which 
are attributed to excitons, and are indicated by the arrows pointing up in 
Fig, 4?, The SXAPS peaks are at 198.2 and 301.0 eV, 2 eV higher in energy» 
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Figuse 1^7, SXAP3 results for evaporated filiîs of KGl and MnPg 
in the regions of 2p core excitations 
172 
For an Insulator, In addition to energy shifts caused by charging, 
the presence of a "band gap would also shift SXAPS structures to a higher 
energy than corresponding SXA structures, because the excitation cannot 
occur until the scattered incident electron has enough additional energy 
to end up in the conduction band. That is, if we have a band gap, ^E, 
and place the Fermi level at the center of the band gap, we might expect 
the SXAPS structure to occur at ^ (^E) higher energy than predicted by SXA. 
At the same time we have assumed that the extra electron does not alter 
the absorption spectrum. This is probably not the case as suggested by the 
complex carbon excitations (12, 13) and our previous discussion for rare 
earths. For KCl, the band gap is about 8 eV at room temperature (129) 
and should be slightly smaller for our heated sample. The above argument 
suggests that our peaks should then occur about 4 eV above the SXA peaks 
while we instead observe a 2 eV shift, if the peaks are in fact similar in 
origin. 
We should also consider the role of the empty 3d lands in the SXAPS 
study of potassium L excitations because, as we have already seen, the 
2»3 
2p excitations in the 3d metals are quite strong. The SXAPS results for-
Ga (28) show a peak about 6.8 eV above the threshold and this is attrib­
uted to 2p -> 3d excitations. For KCl. the 3d bands are about 10 to 12 eV 
above the vacuum level (130), The line shape for these excitations is ex­
pected to be smeared out due to the broadening of the incident electron 
beam energy which suffers heavily from valence bond scattering this far 
above excitation threshold. In Fig. 4? we do observe a step at 311 eV, 
about 14 eV above the first peak. We cannot say convincingly however, 
that this step is connected with the 3d band. 
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As mentioned earlier, the KCl films were very susceptible to damage 
due to heating, desorption, and dissociation. Very few reproducible results 
were obtained for KCl, even at current densities below 0,5 x 10 ^  A/cm^. 
Our later work with LaF^ also suggested that low current densities were 
required for studying insulators using our geometry. 
In conclusion, the KCl results suggest that some useful information 
can be obtained from insulators using SXAPS, assuming we can avoid film 
damage and use sufficiently thin films to avoid charging. The potassium 
L- . sTjectrum does resemble that of the x-ray absorption data in this 
2,3 * 
energy range. 
tfanganese difluorlde 
We applied SXAPS to a study of evaporated filns of MnP^ in an attempt 
to investigate the core-level splitting of manganese core states which had 
been observed in XPS (131), The results were inconclusive, due primarily 
to ths peer filz: obtained. powner was evapoiated frcs an indirectly-
heated quartz crucible. No spectra were obtained for the 2s core excitation 
and only a few spectra were obtained for the 2p excitations of Kn. The 2s 
signals are expected to be weak due to the relatively low probability for 
radiative decay of these core excitations (15). 
The only spectra obtained were for the Mn _ region. Even here, the 
background was not reproducible and we cannot be very confident of these 
data. The lower curve of Fig. 4? shows a typical spectrum for the L 
excitaticj^ . He see the two spin-orbit split levels at and 651.7 eV. 
Each peak appears to Iiave a low energy satellite with a ths^ shold at 63^  
and 6^ 6 eV respectively. The background was decreasing here for unknown 
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reasons. 
The XPS results for the 2p excitations of MtiFg single crystals show 
slight asymmetries which have been interpreted (132) in terms of multiplet 
splitting due to the half-filled 3d shell. The spectrum in Pig. 4? was 
obtained with 2 V modulation which gave insufficient resolution to see 
PP 
these core-level effects. We can, however, make some comparisons with 
our Ag-Kn results discussed earlier and the results of Park and Houston 
for Mn metal (3). In Table 12 we list the SXAPS peak positions for the Mn 
L excitations in the metal, fluoride, and dilute alloy, along with the 
2» 3 
spin-orbit splitting, aE. The XPS results (132) indicate an increase in 
splitting for the fluoride. Since we do not observe this increase for 
our films, we must allow the possibility that we have caused dissociation 
of the molecule by heating and electron bombardment, resulting in some 
other Ml compound. Our observed splitting agrees very well with that of 
the metal and the dilute alloy. The shift of the peaks to higher binding 
energy is as expected for the fluoride, and the peaks for the alloy occur 
0.5 eV higher still in energy. In tlmt case, however, the shift may be 
connected with the formation of localized states a few eV above E^. 
As for KOI, we conclude that the effects of charging seem minor for 
thlTi film insulators studied vith SXAK. Hoseverj we were not Bycoeasful 
in observing core-level laultiplet splitting which is observed for single 
crystals. He also suspect that large scale dissociation occurred in these 
filns. 
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Table 12. Comparison of SXAFS data for the 2p core excitations of Hn in 
metallic Mn, BnP2, and Ag-Mn. All values are peak positions 
(eV), AE is the spin-orbit splitting 
Experiment ATOMIC Kn (metal) MnPg Ag + Mn (5JS) 
Reference 75 3 28 our work our work 
Spectral 
designation 
»3/2 
AE 
ûE (XPsf 
^ref. 131. 
Cesium chloride 
The initial motivation for studying CsCl was to see how the Gs 4f 
levels, far above E , would contribute to the SXAPS measurements. Also, 
r 
we would be able to further test SXAPS for manifestation of exciton effects 
in insulators. 
xhs films weze evapoistsd using a W wire "baskets Based on prior 
measurements from a similar source, the films were probably several thou­
sand anstroias thick. The measurements were made at pressures of 1 x 10 ^  
/ 2 Torr, using beam current densities of about 1 x 10 A/cm . This corres­
ponded to about 200/«A emission current for our target area. Even with 
this low current we suspect that considemble film dasage occurred within 
640.3 639.7 640.1 
651.4 650.3 651 
11.1 10.6 10.9 
11.18 
641 641,5 
651.7 652.1 
10.7 10.6 
12.07 
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a few minutes since the background signals were observed to change con­
siderably following each evaporation, achieving equilibrium only after 
30 minutes or even longer. Presumably we caused dissociation of the GsCl 
surface layers by electron bombardment, with the CI gas leaving the target 
while the Cs atone remained on the substrate forming some other compound. 
Although we could not observe the target during the runs, upon open^ 
the vacuum we observed that the CsGl on the walls of the evaporation cham» 
ber was white, as expected for polycrystalline CsGl, while the material on 
our substrate was considerably discolored, being somewhat brown in appear­
ance. We present the data with the possibility that we did not have GsCl, 
but rather some other compound. 
In Pig. 48 we show our results for the energy region from 70 to 170 
eV. The upper solid curve shows the SXAPS results and the vertical lines 
mrk the atomic core binding energies for the (N^), (N^), and 
^^3/2 levels of Cs (75) • We observe a threshold near 80 eV, followed 
by a broad peak at 120 eV, The peak extends over 70 eV and has shoulders 
near 95 eV and 105 eV. The peak observed above I60 eV was not as repro­
ducible as the main peak but my correspond to excitation 01 the 
Cs core state. The broken line shows the photoabsorption data for GsGl 
(133). This curve has a threshold near 7^ eV, followed by several peaks 
on the rising slope of a strong, broad absorption land. Not all of these 
peaks are completely understood, although some of them may correspond to 
excitons, and a few peaks can be identified as spin-orbit split pairs. 
The strong, broad absorption peak is associated with the Gs 4d 4f tran­
sitions which extend far above threshold and are broadened by the presence 
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Figiœe 48, SXAPS results for the core excitations of Gs In GsGl, The 
absorption coefficient (réf. 133)j its derivativej and tns de­
rivative of it-s self «convolution are also shown for comparison 
178 
of continuum states. This "broad peak also extends over 70 eV similar to 
the SXAPS results. The SXÂ excitation is observed at I6I.5 eV. The 
dashed curve shows d<*/dE, which is dominated primarily by the fine struc­
ture region of o<. This curve has been broadened with a gaussian of 1.0 
eV width. The dash-dot curve of Fig. 48 shows the derivative of the self-
convolution of of. The convolution smears out most of the fine structure 
in o(f and consists primarily of a broad peak near 120 eV. 
An interpretation of our results is difficult due to the uncertainty 
regarding our sangle composition. We feel relatively certain, however, 
that the broad peak is connected with the 4d —> 4f excitations based on 
the threshold position and width of the peak. The success of the convol­
ution model suggests that both electrons involved here are probing the 
same density of states contrary to the scheme discussed for the rare earths 
where two different densities of states were involved. For La we saw that 
the population of the 4f states by 4d electrons resulted in three multi­
plets f two were pulled below the ionisation threshold, and the third, 
above threshold, was broadened by autoionization. Hilsson et al. (52) 
have performed SXAK measurenents on Ba metal and oxide. They still ob­
serve three multiplets, but for Ba, the 4f levels sure further above Ep and 
3 3 the exchange interaction does not quite pull the D_, and terms below 
" " 1 i 
threshold. We do not expect to have Cs mstal, but aay still be seeing the 
same mechanism. If we make such an Interpretation anyway, the broad peak 
at 120 eV is connected with the resonance and the two shoulders m,y be 
3 3 
associated with the P^ and levels which are also broadened by inter­
action with continuum states. If we measure the position of the main peak 
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Table 13. Comparison of the main peak positions in SXAPS and SXA rela­
tive to the atomic core binding energies for the 4d excitations 
of Xe, Cs, Ba, la, and Ce, All energies are in units of eV, 
ATOMIC^ SXAPS AE (SXAPS)^ SXA ûE (SXA)^ 
element 
Xe 65"" - - 101* 36 
Cs 77.6^ 120 42.2 104^ 26.4 
Ba 91.2® 110® 18.8 107.4^ 16.2 
La 98.9 115 16.1 117* 18.1 
Ge 110.0 120 10.0 125* 15.0 
^ref. 75. 
^AE = SXAPS (or SXA) - ATOMIC. 
estimted. 
*ref. 97. 
e 
^ref. 132. 
®ref. 52. 
^ref. 13^. 
above the tabulated atomic binding energies (75) for these elements, we 
get the values shown in Table 13. The Cs SXAPS figure seems too ]arge. 
The photoabsorption data indicates a less rapid increase in ^ E where we 
list the position of the main SXA peak above the same tabulated binding 
energies. 
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In Fig. 49 we show the CsGl SXAPS spectrum from 705 to 775 eV. As 
mentioned earlier, our geometry was arranged in the latter stages to pro­
vide better shielding of the detector from the evaporation source, A mask 
permitted deposition of the material only in the center of the substrate 
so that a portion of the stainless steel was never covered. In this case, 
we benefitted from the arrangement because the Fe L peaks from the 
stainless steel could be observed in every run of the Gs H, _ region, 
4,5 
These two peaks always occurred at the positions shown, 709.4 and 721,9 eV, 
We were thus assured that no change occurred in the work function of the 
W filament due to Gs contamination. The vertical arrows mark the binding 
energies (75) of the Fe L- _ and Cs M, atomic core states. The two 
4,5 
peaks at 749,3 and 763.3 eV were present in all runs. The single peak at 
737 eV did not always appear as sharp as shown in this particular run, but 
was nevertheless always present. The two weak peaks at 756 and 769 eV were 
not always present and may be dependent on film damage, although they were 
also observed for some freshly evaporated films. We will not consider 
them further. 
In Fig. 49 we have indicated the two high energy peaks by the connected 
arrows labeled G which point out the 14 eV splitting. This agrees with the 
atomic ^ spin=crbit splitting: The thresholds indicated by the coupled 
arrows B and A seem to fit this picture although the threshold at 759 ©V 
was not always clear, as is the case in Fig. 49. The structures labled A 
have thresholds about 2,2 eV above the values of rsf. 75. The thresholds 
of the two main peaks are 19.5 eV and 17,2 e? higher still, and the min 
710 720 
Figure 49. SXA3S spectrum of CsC:. 
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peaks occur atout 21.5 eV above their nates in the A couple. We do not 
feel that charging of the film is responsible for mueh of this 21.5 eV 
shift, since the peaks, C, did not shift with time, nor did they shift 
when the emission current was changed "by a factor of two. The results in 
Pig, 49 were obtained with an emission current of 0,8 nA, but unshifted 
peaks were also obtained with currents of 0,2, 0.4, and 1.0 mA. as well. 
On the other hand, the peaks at 756 and 769 eV were not observed with 0.4 
mA and may be due to some charging. The peak at 737 eV did occur with 
reduced intensity at 0.4 sA emission current. 
A possible interpretation for these data can be made if we recall the 
atomic nature of the d f transitions. We associate the thresholds, A, 
with the initial excitation of the 4d electrons to the conduction band 
states. The main peaks, G, then correspond to d -> f transitions where the 
localized f states are about 20 eV above excitation threshold. These peaks 
might not be observed if we had a band picture rather than an atomic one, 
since it has been suggested (5, 16) that SXAPS peaks this far above thresh­
old would be completely smeared out due to the energy broadening of the 
exciting beam, brought about by inelastic scattering and other energy loss 
mechanism prior to core-level excitation. The picture of localized 4f 
siatôs ôGîiS 20 sV above excitation threshold is also consistent with our 
^ results, since the convolution of a peak, AE above results in a 
large peak at 2aE above E_. The N, . data suggest that AE W 21 eV for 11 4,5 
the strong 4f transitions, in agreement with SXA and our ^ results. 
The Mk peaks are only about 5 eV wide, A similar narrowing of line 
^9 V 
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shapes was observed for La and is presumably the result of less exchange 
interaction for the n « 3 shell tl»n for the n " 4 shell. 
We have Indicated that charging of our films did not manifest itself 
in the form of energy shifts or severe broadening. We do believe that 
serious film damage did occur due to the electron beam and this is demon­
strated in Pig, 50. Here we show the spectra from a fresh film, from 
0 to 300 eV for different biasing voltages j Vg. It was explained in 
Chapter III that the target and filament were biased above ground to pre­
vent thermionically emitted electrons from entering the detector through 
the grounded wire mesh. In Fig, 50 we show spectra for several values of 
Vg ranging from 16.6 to 4-3.2 V. Several runs were taken and the number at 
the left hand side indicates the run number in this sequence. Two trends 
were observed. First, a large negative peak seemed to appear and move to 
higher energy as was increased. The negative peak was sufficiently 
strong to make the ^ maximum appear as a doublet for high Y^. Second, 
the two runs with 43,2 volts indicate that the negative peak decreased with 
tins, and in fact, after several hours of exposure, "very little difference 
was noted for changes in V_. The source of this negative peak was evident D 
in the total yield curves shown in Pig. 51. These curves represent the 
total doCo ctirrent being measured by the detector as a function of electron 
beam energy. The values of Vg are noted for each spectrum and the vertical 
arrows nark the position of the large negative peak in the differential 
yield curves of Pig. 50. The - threshold is also indicated in Fig, 51. 
' -5 All the curves here were taken with an emission current density of ? x 10 
A/cm^. A shoulder, just barely detectable in the 16.6 V curve, is seen to 
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Figure 51. Dependence of the total yield curve of GsGl on the bias voltage 
of the emitter in tlie low energy region 
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grow and move almost linearly with increasing Vg to higher energies. Since 
the 16,6 V curve is nearly free of this shoulder, and since the correspond­
ing negative peak would appear about 30 eV "below the ^ threshold, we 
feel tlat the differential yield curves are free of this interfering struc­
ture for a l6.6 V bias, and give a reliable line sluipe for the true x-ray 
yield, We believe that the moving shoulder is not connected with x-ray 
fluorescence, but rather with an ion current, possibly due to 01 gas leav-
the target. This suggestion is made for two reasons. The negative peak 
disappears with increasing exposure tine, suggesting a depletion of the 
source, while the Cs line shape is not much affected. Also, we measured 
the synchronous current to the photocathode as a function of V^, Here, 
with the photocathode near ground potential, we were collecting primarily 
positive ion currents. A large peak was observed to move in the same 
manner as the shoulder of Fig. 51' With the standard detector arrange­
ment and zero collecting voltage on the stainless steel pin, the same peak 
was observed with a weaker intensity. We do not completely understand tne 
bias-voltage dependence of this moving peak, but feel that the data with 
16.6 V bias, are more reliable than the other spectra, 
Lanthanum trlfluoride 
We studied the SXAPS spectra of LaP^ thin films, evaporated from a 
polycrystalline source in a W wire basket. As for the other insulators 
studied, we found that charging, if it occurred, did not cause large energy 
shifts of the aain peaks. However, even with lo%f bears current densities 
we suspect that film damge did occur. 
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Our interest in LaP^ was two-fold. First, the studies would give 
more information on the usefulness of SXA^ for insulators since, from 
SXA data (95) we again had a rough idea of what our spectra would look 
like. Second, and more important, the study could help to identify more 
clearly the nature of the transitions occurring in La metal. 
In Fig. 52 the solid curve shows our results for the ^ region of 
obtained with a vacuum pressure of 2 x iO"^ Torr, In the same fig­
ure we show our earlier results for La metal (dashed curve), and con­
taminated La (broken line). The agreement between these three curves is 
quite good. They all show the two peaks below threshold which we have pre-
3 3 
viously assigned to the and multiplets, shifted 5 eV towards high­
er energy. They all have the main peak near 115 eV, assigned earlier to 
the resonance. The agreement of these three main features is the 
strongest argument in support of the atomic description for these tran­
sitions, The 4f states are sufficiently localized about the ion core, 
being well screened by the outer electrons, to make the multiplet splitting 
nearly Insert ItIve to chemical changes in the environment. There are, 
however, some differences in these curves. Most noticeable is the peak 
near 121 eV which appears in the metal and the fluoride, but not in our 
ccntasir^ted filss. Hs also do not résolve a splitting of the two low en­
ergy peaks in the fluoride. There nay be a slight chemical shift in the 
fluoride and contaminated spectra relative to the metal results, but it is 
on the order of 0,5 eV or less, and thus below our resolution capability. 
The SXA data for LaF^ indicates a chemical shift of only 0,1 eV (135) for 
3 3 the P, and levels. 
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In Fig. 53 we show our results for the ^ region of LaF^ (solid 
curve), and include for comparison our earlier results for the metal and 
contaminated La films. Using the zero crossing of the main peaks, we ob­
serve â chemical shift, relative to the metal, of 1.5 eV for the fluoride, 
and 2,0 eV for the contaminated film. The metal and fluoride results 
have similar line shapes, but the threshold structure in the region for 
LaF^ seems less resolved. This apparent broadening is also indicated by 
the full width at half maximum for the M peaks, which is 1,5 eV for La 
5 
metal and 2.0 eV for LaF^. Also, the shoulder for the region of the 
fluoride seen© less resolved. The LaF^ a^eaults were obtained with 0=5 
modulation amplitude and an emission current density of 1.8 x 10 A/ca^ 
(0.5 BA), so the broadening is not due to potential modulation, but my 
be evidence of energy broadening due to charging of the film. The broad­
ening could also be inherent to LaF^ but we cannot make this distinction 
using these results alone. Since we observe broadening in this region, we 
sxixict it to oc?iir T" T.ne N. . rs~icn also. Thus we eamiot say convinc-
3 3 ingly tlat the and fine splitting is absent for LaF^, especially 
since there is evidence of a shoulder in the first N, peak. However, 
4';5 
the second peak always showed better resolution of the splitting in our 
metal film spectra and this laF^ peak is nearly structureless. 
The ^ results, aside from broadening, are the sasas for both metal 
and fluoride with one notable exception. In the fluoride results we ob­
serve a depression in the negative peaks near and 859 eV. Our metal 
résulta !md a similar depression at times, as shown in Fig. 29j but there 
we attributed the dips to slight oxidation sines they occurred near 840.5 
and 85? eV, in agreewent with the negative peaks of our contaiainated films« 
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Figure 53. Comparison of the SXAPS results for the . region of 
metallic La, and ' 
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It is possible then, that this depression in the ^ spectrum is a clmr-
acteristic of the anion. To understand this better, we review the photo-
emission results for the rare earth halidea. 
Several workers have reported on photoemission from rare earth halid.es 
(49, 117) and other rare earth compounds (118). The 3d, and possibly the 
4d, core excitations have high energy satellites with intensities, relative 
to the main line, which vary quite strongly for different anions. For ex­
ample, the satellite of laF^ is quite weak, but becomes stronger than the 
main peak as one goes from F" to 0" to Cl~ to Br". These results have 
been interpreted (117, 118) in terms of an electron transfer from the anion 
2p shell to the La 4f shell as a consequence of the core-hole creation. 
The argument is similar to that used for SXA in tlat the core hole my 
deepen the ionic potential sufficiently to pull some of the 4f orbitals 
below the 2p valence band level of the anion. The transfer occurs and 
the position of the photoemission satellite above the min peaJk is then a 
measure of the 2p binding energy jf the anloa, ralatlvs to the Ictrered 4f 
level of the metal ion. The ssja^stion is greatest for F" (3.2 eV), and 
decreases as the satellite intensity increases^ being 2,8 eV for 0 and 
2.4 eV for Br". 
In the XPS kà. excitations (^9, 117) the spin=orbit splitting is com­
parable to ths sailtiplet splitting so the satellites overlap with the 
neighboring peaks, but intensity variations are still observed. Since the 
4d vacancy is not as well screened as the % vacancy, the effective nuclear 
charge increases to a leaser extent with the 4d vacancy, and ths satellites 
are expected to be weaker. 
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We do not expect this charge rsBchanisin to be as strong in SXAPS or 
SXA where the excited core electron renains in the 4f states rather than 
leaving the metal. However, for the ^ region of LaF^ we have the most 
favorable conditions for charge transfer since we have a large electron 
affinity for F', and good screening of the 3d vacancy. 
It is possible then, that the depression in the negative peaks of 
the LaF^ \ ^ region is due to the charge-transfer mechanisB. The depres­
sion occurs about 4 eV above our zero crossing values which is comparable 
to the splitting observed in the photoemission results (49, il?» 118). 
The comparison of our LaF^ results with our earlier La metal results 
raises more questions than we can answer. In the metal we have a conduction 
band which can carry off the scattered electron, even at threshold excita­
tion, in our non-interacting picture. We used this to explain peaks A*, 
B', G and possibly Din Fig. 24, while peaks A and B were attributed to a 
4d%f^ configuration. In the Insulators, the continuum states occur at 
higher energy so the broadening ace to autoionisation is reduced for peaJc 
Cg as experimentally observed for and LaF^. In the non-iriteracting 
picture, this peak would be shifted corresponding to the new edge of the 
conduction band. We do not observe a shift of the uain peak but the onset 
for the fluoride does occur about 1 eV higher than in the metal, and even 
higher for the oxide, suggesting the ehangç in position of the conduction 
band edge relative to the level. For laFy d«/dE peaks at 115.7 eV, 
using the data of Rabe(95)f which agrees so well with oar peak at 115.4 eV 
that we believe that the non-interacting picture is still satisfactory. 
We have no way of confirming that our sample was truly laF^ since additional 
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laroad peaks above both the N. _ and M. _ regions could be made to appear 
by subjecting the films to electron bombardment at densities of about 
1 X 10"^ A/cm^ for several hours, The data presented here, however, did 
not show these additional peaks. In addition, we observed structure near 
680 eV, probably due to the fluorine Is excitation, but these peaks were 
quite weak and not reproducible. 
We do not completely understand the mechanism for peak D in the ^ 
region. If this peak in the mtal and the fluoride were related to 4f 
states, it should also appear in the oxide since the 4f states are quite 
insensitive to chemical changes in the environment. If the peak is due to 
the same mechanism in both metal and fluoride, it may correspond to a 
virtual state which broadens by autoionisation, similar to the state, 
since the peak sharpens considerably In the fluoride, where presumably 
the continuum has been pushed to higher energy. However, since the peak 
does not occur in the oxide, this transition would have to depend on the 
anion rather than on the metal ioïi. The charge transfer process just dis­
cussed fits this picture, but as stated earlier, we don®t expect such a 
strong transfer interaction in the 4d region. This also would require 
that the metal peak be due to a different mechanism than charge transfer, 
possibly a resonance of the M%f % configuration. 
We do not have a better interpretation for these results at the pre­
sent time. It is possible that a study of LaCl^ would further this ana­
lysis, If the peak near 121 eV is due to a chEirge-transfer mectenism, we 
would expect, based on the photoemission results, to see a different line 
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shape for peak D in LaCl^. We do not, however, helieve that this mech­
anism is responsible for the 121 eV peak. 
In summary, our results for LaF^ are quite similar to our results 
for metallic La, This supports the interpretation of these spectra in 
terms of atomic-like d ^  f transitions. We observed very little evidence 
of charging and film damage when low emission current densities were used. 
The secondary structure in the high energy region of both the ^ and 
^ spectra was observed to change as one goes from metallic La to La^O^ 
and LaF^. This may be evidence for a transition which depends weakly on 
the local environment of the La ion. 
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CHAPTER V. CONCLUSIONS 
In the preoedlng chapter a great deal of data were discussed and It 
is useful here to recall our initial goals in this work. Briefly, we 
sought a model for SXAPS which would explain the results for the rare 
earths as well as the transition mtals, hopeful of improving on the one-
electron theory discussed in Chapter II. The results of this work showed 
that the two density of states model was superior to the one-electron the­
ory in that the SXAPS spectrum often could he interpreted using this model 
with the existing SXA and SWL data,. This is not of much use to us in inter­
preting SXAPS spectra of materials for which the other data are lacking, 
since a deconvolution of the spectrum is not possible when we have two un­
known densities of states. Such applications of SXAPS must wait for ad­
vancements in the theory of low energy electron scattering in solids. 
We also were interested in the nature of the electronic transitions 
involved in SXAPS, The min conclusion reached for most of the materials 
studied hsrs, 1= ths,t the exaltations are zuch more T.han wns ex­
pected, For the rare earths this is primarily a consequence of the local­
ized orbitale which, upon creation of a 3d or vacancy, are lowered 
sufficiently to "te bound within the centrifugal larrier. Even for the tran­
sition metals, the measured SXAPS spectra are better described by a model 
with two localized densities of states than by the self-convolution of a 
density of itinerant land states. Admittedly, the differences in this case 
are not as large as for the rare earths, but they do effect the bandwidths 
and bindiïïg cnezglea obtained from the seasured spectra. The convergence 
of the two stsdsls is dus to ths fact that th« SXA spectnœ tends to resea-
ble the SWL spectrum as the role of final-state interactions dscrsacss. 
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For Y the low intensity signals were attributed to reduced transition 
matrix elements, due primarily to the reduced overlap of the 3p and 4d 
vavefunctions. The Y line shape suggested, based on the one-electron the« 
ory, a density of states isaximaia about ^  eV above Our studies of La 
and Ce showed that SXAPS cannot uniquely determine the position of the 4f 
states relative to Ep in the ground state configuration. This results pri-
mrily from the contraction of the 4f orbitals in the presence of a core 
hole. For La the position of these states relative to the excitation 
threshold varied between 3 and 5 ©V, while for C® the separation was from 
1.5 to 2 eV, depending on which inner shell contained the core hole. Also 
for Ce we observed a spectral change which we attribute to the fornation 
of tetravalent Ce ions. We suspect that the film was metallic in this 
case, but we cannot rule out the fornation of CeO^. We also observed weak 
3d and 4d excitations in Yb^O^, and associated them with a single vacant 
^-f state. The 3d excitations showed a peak which is forbidden for optical 
excitations, confirming the lack uf dipoie sèlêctlGn rolcc for electron 
excitation in SXAP3, 
Finally, we sought to test SXAPS as a tool for sttidying insulating 
coB^ unds, The results suggest that useful infoîrsation can be obtained by 
using thin films to avoid charging, and low current densities to avoid film 
damage. Our results for KOI, CsCl, and LaF^  were in good agreement with 
the SXA data. The role of the d -> f excitations in LaF^  changed very little 
from that for zsstallic La, although secondary structures were observed for 
laF^  and La^ O^  which may depend on the anion iavolvsd. 
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